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Various valuable metal elements (e.g., gold, silver, platinum, copper, and aluminium) are 
used in electronic devices. Recycling of electronic waste can extract valuable metal 
elements, which can be sold as raw materials for the manufacture of new products. Mint 
Innovation New Zealand is a company that has developed a novel process using 
microorganisms to recycle electronic waste. Although the technology is useful in 
generating value from electronic waste, it produces highly acidic wastewater streams 
containing highly concentrated dissolved heavy metal ions, which must be treated before 
safe disposal into the environment. Copper is one such dissolved heavy metal ion present 
in Mint Innovation’s wastewater streams, which must be reduced to below 10 mg/L in 
order to comply with Auckland Council Trade-Waste agreements. 
 
 Suitable methods for selectively removing high concentrations of heavy metals from 
wastewater with low pH conditions are yet to be discovered. ZIF-8 nanoparticles were 
selected as a potential adsorbent material for removing copper from Mint Innovation’s 
wastewater due to their large surface area, high pore density, narrow pore sizes, good 
stability and abundance of possible binding sites. ZIF-8 was combined with chitosan and 
PSS separately to produce ZIF-8@chitosan and ZIF-8@PSS composites, respectively. 
Various reactant combinations were investigated for preparing ZIFs (ZIF-8, ZIF-
8@chitosan and ZIF-8@PSS).  
 
During adsorption in idealised solutions (pH 6.5, [Cu2+] = 60 mg/L), copper removal to 
below 10 mg/L limits was achieved by all ZIFs within 15 minutes. ZIFs also selectively 
adsorbed copper in idealised solutions containing co-existing calcium or sodium ions. 
However, ZIFs released large quantities of zinc (> 100 mg/L) ions into solution upon 
binding to copper ions. The release of Zn2+ from ZIFs was enhanced in idealised solutions 
with initial Cu2+ concentrations above 100 mg/L or initial pH less than 3.  
 
During adsorption in Mint Innovation’s wastewater, ZIFs were rapidly degraded by the 
low pH and strongly oxidising conditions. Upon raising the pH from 0.7 to 4 in one 
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waste-stream, ZIF-8 successfully removed nearly all copper (89.8%), aluminium (93%) 
and calcium (89.3%) ions. However, the reliability of this experiment as a measure of 
metal removal by ZIF-8 was low because only a small number of wastewater samples (n 
= 3) were collected, which was due to both time constraints and having limited access to 
the analytical equipment required for detecting metal ions in wastewater solutions. 
 
Binding of Cu2+ to ZIFs was thought to have destabilised the framework structure, 
resulting in Zn2+ being released into solution. In attempt to stabilise ZIF particles and 
explore their compatibility with industry standard water filtration equipment,  ZIF-
8@PSS  was coated onto nylon ultrafiltration membranes via direct deposition or in situ 
self-assembly. The ZIF-8@PSS coated membranes were referred to as Mixed Matrix 
Membranes (MMMs). The chemical composition and physical characteristics of ZIFs and 
ZIF-8@PSS coated MMMs were analysed by Fourier transform infrared spectroscopy 
(FTIR), dynamic light scattering (DLS), scanning electron microscopy (SEM).  and water 
contact angle (CA) measurements.  
 
Direct deposition or in situ self-assembly both produced ZIF-8@PSS coated MMMs with 
non-uniform surfaces, resulting from ZIF-8@PSS aggregation in some regions of the 
membrane surface, but failing to attach to others (based on FTIR, SEM and CA analysis). 
The filtration performance of ZIF-8@PSS coated MMMs was tested using solutions of 
Congo red (CR) dye. ZIF-8@PSS coated MMMs failed to remove CR dye from solution 
during continuous filtration. It was believed that nanosized CR molecules could simply 
pass-through openings in the MMMs surface where ZIF-8@PSS failed to attach. Because 
copper ions are smaller than CR molecules, it was predicted that the ZIF-8@PSS coated 
MMMs will not remove copper ions during filtration.  
 
ZIFs successfully removed copper ions to below 10 mg/L in both idealised solutions and 
wastewater produced by Mint Innovation. However, Zn2+ release from ZIFs during ion 
exchange with copper means that one pollutant is simply replaced with another during 
wastewater treatment. Future research should focus on ZIF modifications that inhibit the 
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Continual technological advancements and unprecedented consumer demand have together 
reduced the lifespan of electrical and electronic equipment and consequently increased 
electronic-waste (e-waste) production worldwide. Approximately 45 million tonnes of e-waste 
are produced worldwide per year with an annual growth rate of 7 – 10% (Ning, Lin, Hui, & 
McKay, 2017). High value precious metals such as gold, silver and copper are used in electrical 
and electronic equipment due to their high conductivity, electro-thermal capacity and corrosion 
resistance properties (M. Wang, Tan, Chiang, & Li, 2017). Recovering high-value metals from 
electronic waste is a potential economic opportunity. 
 
Mint Innovation has developed a proprietary e-waste recycling process that takes advantage of 
the oxidation reduction potential properties of different metal ions to sequentially recover 
copper and precious metals (i.e. gold, platinum and palladium). In this process, e-waste 
powders are dissolved in chemical solutions to extract metal ions, followed by recovery of solid 
copper and precious metals via electrolysis and adsorption, respectively. Chemical dissolution 
is initially required to separate metals from other e-waste components (i.e. plastics, epoxies 
and ceramics) and to ensure that the metals are in a favourable state for recovery. While Mint 
Innovation’s process is optimised to maximise copper and precious metals recovery from e-
waste, it is not possible recover all dissolved metal ions from solution. Due to the prevalence 
of copper in printed circuit boards contained in electronic devices, Mint Innovation’s 
biorefinery produces wastewater containing high concentrations of copper ions. A more 
detailed outline of Mint Innovation’s e-waste recycling process is provided in Appendix A. 
 
In order for wastewater generated by Mint Innovation to be discharged into the public 
wastewater system, the copper concentration must be reduced to below 10 mg/L (Watercare, 
2019). Copper belongs to a class of elements called heavy metals, which are elements that have 
atomic weights between 63.5 and 200.6 and a density greater than 5 g/m3 (Abdullah, Yusof, 
Lau, Jaafar, & Ismail, 2019). Heavy metals are harmful to aquatic fauna, livestock and human 
beings due to their high toxicity and non-biodegradability. Additionally, the high solubility of 
heavy metals enables them to be easily adsorbed by living organisms and propagated 
throughout the food chain (Hosseini et al., 2016; Janssen et al., 2010). Exposure to high levels 
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of copper can lead to liver cirrhosis, along with brain and kidney damage (Dixit et al., 2015). 
Therefore, copper ion pollution in wastewater is a serious health and environmental concern. 
 
Previous attempts by Mint Innovation to remove copper in the wastewater produced at their 
biorefinery were unsuccessful. Chemical precipitation and adsorption with activated carbon 
were reportedly expensive and produced large quantities of secondary pollution. Due to the 
high concentration of mixed pollutants contained in Mint Innovation’s wastewater, large 
quantities of chemical reactants (I.e. NaOH or Ca(OH)2) and activated carbon were required to 
precipitate dissolved ions, resulting in large quantities of chemical sludge. The chemical sludge 
is difficult to safely dispose because it contains high concentrations of metal ions. Therefore, 
Mint Innovation required a wastewater treatment approach that successfully removed copper 
to below 10 mg/L without producing large volumes of secondary pollution. 
 
Adsorption is an attractive method for removing copper because it is relatively simple to 
perform. A wide variety of adsorbent materials have demonstrated high affinities towards 
binding copper ions (see section 2.2.2). Zeolitic imidazolate frameworks (ZIF-8) are crystalline 
porous materials that possess exceptional copper adsorption properties. Zhang et al. (2016) 
demonstrated that ZIF-8 has a copper adsorption capacity of 800 mg/g (Y. Zhang et al., 2016). 
In comparison, the copper adsorption capacity of activated carbon typically ranges from 15 – 
40 mg/g (J. P. Chen, Wu, & Chong, 2003). The high adsorption capacity of ZIF-8 was expected 
to minimise sludge generation during wastewater treatment because ZIF-8 was expected to 
bind more copper ions using a smaller volume of adsorbent material, if compared against 
adsorbents with lower adsorption capacities. Furthermore, ZIF-8 has demonstrated good 
chemical and thermal stability, along with high selectivity towards heavy metal ions in the 
presence of co-existing Na+ ions (T. Li et al., 2018). Therefore, ZIF-8 was predicted to be 
suitable for removing copper from Mint Innovation’s wastewater, which has a low pH and high 
concentrations of mixed pollutant ions. 
 
However, ZIF-8 particles cannot be freely suspended in solution to treat industrial wastewater 
solutions because their small particle size makes them difficult to recover from solution after 
metal binding (W. Li, 2019). Furthermore, freely suspended ZIF-8 particles can become 
unstable in solution, resulting in the formation of large particle aggregates (Beh, Ooi, Lim, Ng, 
& Mustapa, 2020). Therefore, ZIF-8 nanoparticles need to be immobilized onto suitable 
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materials to prevent accidental release of metal loaded ZIF-8 nanoparticles into the 
environment (J. Li, Wang, Yuan, Zhang, & Chew, 2020).  
 
Polymers are commonly used for immobilizing nanoparticles due to their low cost, versatility 
and long term stability (Galiano et al., 2018). Furthermore, polymers can be processed by a 
wide range of methods to produce membranes with attractive properties for water filtration, 
such as defined porosities, high mechanical strength and good chemical resistance. ZIF-8 can 
be immobilized on polymer membranes to produce mixed matrix membranes (MMMs), which 
utilise the adsorbent properties and porosity of ZIF-8 to remove metals during continuous 
filtration. 
 
The aim of this study was to synthesize and determine whether ZIF-8 and ZIF-8 composite 
nanomaterials could remove copper from industrial wastewater produced by Mint Innovation’s 
electronic waste biorefinery, ideally to below the regulatory limit of 10 mg/L. This was 
explored by combining ZIF-8 nanoparticles with polymeric materials to produce adsorbent 
powders and mixed matrix membranes (MMMs), as outlined in Figure 1. It was hypothesized 
that the stability and copper binding performance of ZIF-8 nanoparticles would be improved 
by attaching them to polymeric materials.  
 
The following four objectives, and sub-objectives, were developed to achieve the aim of the 
study: 
 
1. Optimise reactant concentrations for synthesising ZIF-8 and ZIF-8 composites   
• Validate existing methods for preparing ZIFs 
• Analyse the water stability of ZIFs 
• Analyse the adsorbent functionalities of ZIFs. 
2. Assess copper removal by ZIF-8 and ZIF-8 composites in idealised Cu2+ solutions  
• Investigate binding kinetics and adsorption capacity of ZIFs 
• Investigate pH stability of ZIFs 
• Investigate the binding selectivity of ZIFs. 
3. Assess copper removal by ZIF-8 and ZIF-8 composites in wastewater solutions  
• Determine whether ZIFs can remove copper from Mint Innovation’s wastewater to 
below 10 mg/L, as required by Auckland City Council limits 
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• Investigate copper removal by ZIFs in different wastewater streams produced by Mint 
Innovation’s biorefinery with and without pH adjustment. 
4. Evaluate approaches for applying ZIF-8 and ZIF-8 composites in on-site 
wastewater treatment. 
• Modify commercially available UF membranes to facilitate ZIF-8@PSS attachment 
• Investigate methods for synthesising a ZIF-8@PSS active layer onto a membrane 
support 
• Characterise physical and chemical properties of ZIF-8@PSS coated UF membranes 
















Figure 1. Overview of study design.   
1) Prepare ZIFs (ZIF-8, ZIF-8@chitosan and ZIF-8@PSS) in aqueous solutions and then dry to produce 
adsorbent powders. 2) Characterize the chemical and physical properties of prepared ZIFs via Fourier 
transform infrared spectroscopy (FTIR) and dynamic light scattering (DLS). 3) Assess the pollutant removal 
performance of ZIFs during batch adsorption in A) Congo Red solutions, B) idealised Cu2+ solutions with a 
range of adsorbent contact times, initial Cu2+ concentrations, pH, co-existing Na+ or Ca2+ ions, and C) Mint 
Innovation’s wastewater. 4) Immobilize ZIFs onto nylon UF membranes via direct deposition or in situ self-
assembly. 5) Analyse the filtration performance of ZIF coated UF membranes. 
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2. Literature review 
 
2.1. Metal contaminated wastewater 
Various industry sectors, such as mining, metal finishing, electroplating and electronic waste 
recycling, generate large volumes of heavy metal contaminated wastewater (Abdullah et al., 
2019; Azimi, Azari, Rezakazemi, & Ansarpour, 2017). Unlike organic pollutants, heavy metals 
are not biodegradable and can accumulate in living organisms (Krstić, Urošević, & Pešovski, 
2018). Non-essential heavy metals such as mercury, lead and cadmium are found in 
approximately 50% of personal computers components and are toxic at any concentration 
(Işıldar et al., 2019). Mercury can induce harmful effects on the central and peripheral immune 
systems and may be fatal at high concentrations (Dixit et al., 2015). Lead can impair 
developmental processes, leading to reduced intelligence and cardiovascular diseases (Dixit et 
al., 2015). Cadmium is a carcinogenic endocrine disruptor that can cause lung damage and 
decrease bone strength (Ehrampoush, Miria, Salmani, & Mahvi, 2015). Although copper is an 
essential co-factor for enzymes needed in many biological processes, excessive copper 
exposure can cause damages in liver, brain and kidneys (Y. Huang & Feng, 2019).  
 
Various chemical reactants are often used during metal extraction, purification and plating. As 
a result, metal contaminated wastewater typically contains a wide variety of mixed pollutant 
species, such as chlorine, calcium and sodium. Cleaning products used by metal industries 
often contain high concentrations of chlorine, which further pollute wastewater solutions. High 
concentrations of calcium and sodium ions are harmful to the environment and can interfere 
with industrial wastewater treatment processes such as adsorption and anaerobic digestion 
(Ahn, Do, Kim, & Hwang, 2006; T. Li et al., 2018). Besides the direct harmful effects on soil 
and water biota, chlorine can enhance the mobility of heavy metals in biological systems (Kim 
et al., 2018; Rogora et al., 2015). This increases the likelihood of heavy metals entering into 
food and water supplies, which propagates their harmful effects throughout communities. 
Therefore, heavy metal ions must be removed from wastewater before it is disposed into the 
environment in order to avoid serious damage to the environment and human health.  
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2.2. Wastewater treatment processes 
Conventional water treatment processes such as chemical precipitation, electrochemical 
methods, adsorption and membrane filtration can remove metal ions from wastewater solutions 
based on the unique differences in chemical and physical properties of the metal ions (Azimi 
et al., 2017; Fu & Wang, 2011). The chemistry and principles behind these methods are 
discussed below.  
 
2.2.1. Chemical precipitation 
Heavy metals are commonly removed from contaminated wastewater by chemical treatment 
that form insoluble precipitates which can then be separated from the water by sedimentation 
or filtration (Fu & Wang, 2011). Chemical precipitation is used widely in different industries 
to remove heavy metals because it is relatively inexpensive and easy to perform. However, 
removing mixtures of heavy metals from highly contaminated industrial wastewater typically 
requires a number of chemical precipitation steps, and this increases the concentration of 
dissolved chemical species in solution and can generate large volumes of precipitated metal 
sludge (V. K. Gupta, Ali, Saleh, Nayak, & Agarwal, 2012).  
 
Large quantities of chemical sludge are expensive to safely dispose due to relatively high cost 
of transport, storage and handling. To reduce the volume of chemical sludge, wastewater 
treatment facilities may include an additional dewatering step to compact the sludge into 
concentrated cakes (G. Chen, Lock Yue, & Mujumdar, 2002). Therefore, determining whether 
chemical precipitation will be a suitable method for treating selected wastewater is dependent 
on; 1) the efficacy of metal removal, 2) volume of sludge generated and, 3) economic feasibility 
of including additional on-site sludge dewatering steps.  
 
Hydroxide and sulphide precipitation are the most common chemical precipitation methods 
(Fu & Wang, 2011), which are discussed in more detail below. 
 
2.2.1.1. Hydroxide precipitation 
Hydroxide precipitation is attractive for removing metals from wastewater due to its simplicity 
and pH control. Maximum precipitation of metal hydroxides occurs in the pH range of 8 – 11. 
However, incomplete precipitation may occur in mixed metal solutions because some metal 
hydroxides (e.g. Al(OH)3) are amphoteric (i.e. can react as both an acid and as a base). As a 
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result, the ideal pH for one metal to precipitate may also dissolve a different metal back into 
solution (Azimi et al., 2017; Fu & Wang, 2011).  
 
2.2.1.2. Sulphide precipitation 
Metal sulphides are more stable in solution than metal hydroxides. This is advantageous for 
treating mixed metal wastewaters because it means metals can be recovered from solution over 
a broader pH range compared to hydroxide precipitation (Fu & Wang, 2011). However, 
sulphide precipitation condition need to be closely controlled to prevent the evolution of toxic 
H2S gas in acidic solutions (Kurniawan, Lo, & Chan, 2006).  
 
2.2.2. Adsorption 
Adsorption is recognized as a simple and cost-effective method for removing heavy metals 
from wastewater. The removal of heavy metals using adsorbents involves three main steps; 1) 
transport of contaminant from bulk solution to sorbent surface; 2) adsorption of contaminant 
on the particle surface, and; 3) contaminant penetration into adsorbent (Barakat, 2011).  
 
Adsorbent materials may reversibly bind to metal ions through one or a combination of 
mechanisms such as physical interactions (electrostatic and Van der Waals forces), ion-
exchange, complexation, chelation or proton displacement (Fomina & Gadd, 2014; Izabela 
Michalak, Chojnacka, & Witek-Krowiak, 2013). Metal removal by adsorption is conducted in 






Figure 2. Reactor types for adsorption of metal ions.  
A) Batch adsorption, and B) column adsorption. Adapted from (Volesky, 2007) 
 
Batch processes are typically used to analyse metal removal performance with the adsorbent 
while investigating the effects of conditions such as temperature, pH, agitation rate and solute 
concentration. However, heavy metal removal in batch reactors is undesirable for large-scale 
industrial application because subsequent filtration or centrifugation steps are required to 
separate metal loaded adsorbents from solution, which increases treatment costs due to the 





Adsorbents that exhibit satisfactory metal recovery performances are typically loaded onto 
column reactors to form a densely packed bed of material for water to be continuously pumped 
through. An additional advantage of the packed bed configuration is that multiple columns can 
be used in parallel for continuous operation with larger wastewater volumes (Volesky, 2007). 
This increases water treatment efficiency by enabling one column to be in active operation 
while another is being regenerated. 
 
Many adsorbent materials have been used to remove metals from wastewater. The four most 
important criteria for adsorbent selection are: 1) high capacity; 2) fast kinetics; 3) easy 
regeneration, and; 4) cost-effectiveness (Razali et al., 2015). High metal binding capacity and 
fast adsorption kinetics are necessary for efficient removal of contaminants from large volumes 
of wastewater, while regeneration and re-use of the adsorbent minimise the time and money 
spent on systematically replacing materials (Gusain, Kumar, & Ray, 2020).  
 
A major challenge for progressing novel adsorbents towards industrial application has been 
selecting appropriate materials from a large pool of extensively researched candidates. 
Furthermore, adsorbent materials typically cannot be applied directly into solution during 
wastewater treatment due to issues with aggregation, difficulty with recovering adsorbents and 
concerns around environmental release (Abdullah et al., 2019; Y. Wu et al., 2019).  Therefore, 
adsorbent materials often need to be immobilized onto suitable substate materials to improve 
their wastewater treatment properties. Although low-cost materials that can be used without 
modification are often desirable for water treatment, the increased price of developing premium 
adsorbents may be justified if they can be used as a substitute for otherwise expensive 
procedures, or to create value from recovered metals. 
 
2.2.2.1. Industrial by-product adsorbents 
High volume by-products produced from large scale industrial activities have attracted a large 
amount of attention as adsorbent materials for wastewater treatment. Fly ash, blast furnish slag 
and bagasse fly ash are high volume by-products produced by coal, iron and sugar 
manufacturing industries, respectively. Gupta et al. (2003) used bagasse fly ash to remove up 
to 90% of cadmium from idealised solutions but discovered that metal removal performance 
was substantially reduced in the presence of contaminant Na+ ions (V. Gupta, Jain, Ali, Sharma, 
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& Saini, 2003). Kuwahara et al. (2013) successfully produced a zeolite adsorbent from blast 
furnace slag that could be used to remove copper from experimental wastewater solution 
(Kuwahara, Tamagawa, Fujitani, & Yamashita, 2013). Although the zeolite produced from 
blast furnace slag had good mechanical strength and chemical stability, the release of Ca2+ from 
this adsorbent material during copper binding was an issue for wastewater treatment because 
one contaminant in solution was simply replaced with another. 
 
Currently, low global demand for these high-volume by-products means that they can be 
obtained as adsorbents for relatively low prices (Bhatt et al., 2019; Kuwahara et al., 2013). 
However, growing demand for the utilisation of these by-products as building material fillers 
in the construction industry may reduce supply for wastewater treatment applications (Bhatt et 
al., 2019).   
 
2.2.2.2. Agricultural and biological waste adsorbents (biosorbents) 
Biosorption is a cost effective adsorption method that utilises the surface properties of inactive 
or dead biomass to remove pollutants from solution (Volesky, 2007). Biosorbents are typically 
derived from three sources: (1) non-living biomass, such as bark, woodchip, rice straws and 
shellfish; (2) microbial biomass (bacteria, fungi and yeast); and (3) algal biomass (Fu & Wang, 
2011; D. Park, Yun, & Park, 2010)  
 
Macro-algae have been demonstrated to successfully adsorb Cu2+, Zn2+, Co2+ and Cr4+ (I. 
Michalak et al., 2011). However, it is important to note that the world-supply of seaweeds is 
finite and the competing demand for their use in production of agar, alginate and carrageenan 
means that seaweeds are not waste-materials (Vijayaraghavan & Yun, 2008). Therefore, care 
must be taken when considering algal biosorbents for commercial applications. 
 
Biosorbents that are abundant in nature or regularly disposed in large quantities as waste have 
received a lot of attention environmental remediation (Azimi et al., 2017; Demirbas, 2008; 
Izabela Michalak et al., 2013). Sawdust is a solid waste material generated during wood 
processing. Sciban et al. (2007) examined poplar wood sawdust for simultaneous removal of 
mixed metals from electroplating wastewaters and observed binding selectivity in the order: 
Cu(II) > Zn(II) > Cd(II) (Šćiban, Radetić, Kevrešan, & Klašnja, 2007).  
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Chitin is the second most abundant polymer on earth and is commonly found in shellfish 
exoskeletons and fungi cell walls (N. Das, 2010). The main commercial sources of chitin are 
crab and shrimp shells, which are major by-products from the aquaculture industry (Younes & 
Rinaudo, 2015). Chitin can be deacetylated to produce chitosan, which is an attractive 
adsorbent for metal ions due to possessing an abundance of amino and hydroxyl binding sites 
(Izabela Michalak et al., 2013). Laus et al. (2007) developed chitosan microspheres that 
successfully removed all metals from a coal mining effluent containing 446, 136 and 0.6 mg/L 
of Fe3+, Al3+ and Cu2+, respectively (Laus, Geremias, Vasconcelos, Laranjeira, & Fávere, 
2007). Benavente et al. (2011) also demonstrated that chitosan powder could remove 98% of 
Cu2+ from gold mining effluent (Benavente, Moreno, & Martinez, 2011).  
 
Microorganisms such as fungi and bacteria are utilized by food and pharmaceutical industries 
in large scale fermentation processes as producers of economically important substances such 
as vitamins, proteins, ethanol, antibiotics and polysaccharides (J. Wang & Chen, 2009). 
Microbial cells have a limited functional capacity and need to be constantly replaced during 
industrial processes, which produces large volumes of waste that can be attained for free or at 
low costs. Aspergillus niger is commonly used to produce citric acid, which can be used in 
household cleaning products, foods, pharmaceuticals. Dursun et al. (2003) showed that A. niger 
pre-treated in NaOH could be used to recover 25.5 mg/g of Cu2+ from aqueous solution 
(Dursun, Uslu, Cuci, & Aksu, 2003). Saccharomyces cerevisiae by-products are generated in 
large quantities by wine and brewing industries. Machado et al. (2010) demonstrated that heat 
inactivated S. cerevisiae could remove 98% of Cr4+ from electroplating wastewater (Machado, 
Soares, & Soares, 2010).   
 
2.2.2.3. Clay minerals and zeolites 
Clay and zeolite minerals have been used for wastewater treatment due to their high metal 
binding specificity, low cost, and high abundance. Both clay and zeolite minerals are naturally 
occurring hydrous aluminosilicates found in soil, sediment and rock deposits that can bind 
pollutants through ion exchange or adsorption (Goh & Ismail, 2018; Y. Xu et al., 2017). 
Differences in metal binding specificity and stability between clay and zeolite minerals are 
attributed to variations in chemical structure arrangements. Clay minerals consists of 
tetrahedral [SiO4]
4- and octahedral [AlO3(OH)3]
6- sheets while zeolite minerals consist of 
tetrahedral [SiO4]
4- and [AlO4]
3- sheets (Margeta, Zabukovec Logar, Šiljeg, & Farkas, 2013; 
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Mukhopadhyay et al., 2020). The characteristic linking of these units in different clay and 
zeolite minerals forms highly porous channels with a variety of pore sizes and shapes, which 
can selectively remove a range of mono- and divalent cations (such as Na+, K+, Ca2+, Cu2+).  
 
Jiang et al. (2010) demonstrated that kaolinite clay could successfully reduce lead levels from 
160 mg/L to 8 mg/L in wastewater from copper plating and zincification factories (M. Jiang, 
Jin, Lu, & Chen, 2010). Nenov et al. (2008) developed a pilot pant to treat copper mine drainage 
water using common ion-exchangers and synthetic zeolites, which successfully removed 
copper, zinc and nickel from initial concentrations of 474, 167 and 3.3 mg/L to below the 0.05 
mg/L discharge limit (Nenov, Lazaridis, Blöcher, Bonev, & Matis, 2008).  
 
However, metal removal by clay and zeolite minerals typically involves ion-exchange, which 
releases contaminant ions from clay and zeolite minerals into solution during wastewater 
treatment (Mukhopadhyay et al., 2020). It is also important to note that the properties of natural 
minerals belonging to the same clay or zeolite classes can vary substantially depending on 
where they are extracted from. Synthetic clay and zeolites have attracted more interest from 
industry because consistent mineral properties grant greater process control (Y. Xu et al., 
2017).  
 
2.2.2.4. Activated carbons 
Activated carbons are established adsorbents for industrial wastewater treatment that have 
large surface areas, interconnected pore structures, and abundant functional groups for metal 
removal (Fu & Wang, 2011). Adsorption properties vary depending on the carbon source and 
chemical modification methods employed during activated carbon production (Burakov et al., 
2018). The most commonly used feed-stocks for activated carbon production are wood 
(130,000 tonnes/year), anthracite and bituminous coal (100,000 tonnes/year), lignite (50,000 
tonnes/year), peat (50,000 tons/year) and coconut shell (35,000 tonnes/year) (Ali, 2010). 
Carbonization of feedstock materials occurs by pyrolytic decomposition at around 400 °C, 
while activation is typically achieved by treating the carbon source with suitable chemicals and 
raising the temperature to around 800 °C. Additional activated carbon surface modification 
steps, such as chitosan coating and chemical oxidation, have also been employed to increase 




However, commercial activated carbon is often expensive due to the high energy consumption 
(and related costs) incurred during production. In addition, depletion of coal based activated 
carbon due to environmental concerns has reduced global supplies and is further increasing the 
price of activated carbon (Fu & Wang, 2011). This has motivated researchers to explore more 
sustainable biomass carbon sources (also known as biochar adsorbents) for activated carbon 
production. Considering that both activated carbon and biochar can be made from the pyrolysis 
of plant-based materials such as wood and coconut husks, the terms “activated carbon” and 
“biochar” are often used interchangeably (Hagemann et al., 2018). While a substantial 
proportion of commercially available activated carbon is made from fossil fuels, the term 
“biochar” is used to describe activated carbon that is made exclusively from renewable 
resources. On top of using renewable materials, biochar production is reportedly more energy 
efficient than activated carbon production. Alhashimi and Aktas in 2017 indicated that the 
amount of energy required to produce various traditional activated carbons (44 – 170 Mj/kg) 
was 90% more than the energy required to produce a range of biochars (1.1 – 16 Mj/kg) 
(Alhashimi & Aktas, 2017).  
 
Ling et al. (2017) recently synthesized magnesium oxide (MgO) nanoparticles stabilized on a 
nitrogen-doped biochar (MgO-N-biochar) derived from hydrophyte biomass, which they used 
to remove Pb2+ from aquatic environments. This MgO-N-biochar was considered as a state-of-
the-art adsorbent for Pb2+ removal due to high adsorption capacity (893 mg/g), fast equilibrium 
time (10 minutes) and sustained metal removal from solutions after 10 regeneration cycles. 
Hydrophyte biomass is used to control eutrophication due to its nitrogen sequestering 
properties. This process generates large quantities of waste because the hydrophyte biomass 
needs to be harvested to prevent retrieved nitrogen from being released back into the 
environment when the hydrophyte dies. Some of the hydrophyte biomass is utilised for biofuel 
production, while a further 30% of this biomass is converted into biochar, which provides an 
abundant supply of adsorbent material for potential industrial wastewater treatment 
applications (Ling, Liu, Zhang, & Jiang, 2017).  
 
It is worth mentioning that regenerating activated carbon and biochar adsorbents by chemical 
or physical treatment methods is expensive and has limited viability at commercial scale (Ali, 
2010; Crini, 2005). Further research into low-cost biochar materials with high metal binding 
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capacities and long-term lifecycles will therefore be essential for industrial wastewater 
treatment. 
 
2.2.2.5. Nanosized metal oxides (NMOs) 
Nanosized metal oxides (NMOs) including titanium dioxide (TiO2), magnesium oxide (MgO) 
and ferric oxide (Fe2O3) have been explored as highly efficient adsorbents for removing metals 
from wastewater (Hua et al., 2012). Of the NMOs, world production of TiO2 is the largest due 
to its application as a photocatalyst for antibacterial coatings and wastewater disinfection 
(Miller, Bennett, Keller, Pease, & Lenihan, 2012). Gebru et al. (2017) developed an electrospun 
cellulose acetate (CA)/TiO2 adsorbent that could successfully remove up to 98.9% of copper 
ions from solution after four regeneration cycles (Gebru & Das, 2017). However, the release 
of TiO2 nanoparticles into aquatic environments during wastewater treatment is a major 
concern due to the toxicity of TiO2 towards phytoplankton, which are the most important 
primary producers on earth (Miller et al., 2012). 
 
Alternatively, iron based NMOs display excellent adsorption performances and are more 
environmentally friendly than TiO2 (Anjum, Miandad, Waqas, Gehany, & Barakat, 2019; Ling 
et al., 2017). Venkateswarlu et al. (2019) synthesised magnetic iron oxide NMOs by an eco-
friendly approach that used pomegranate extract instead of conventional toxic solvents. While 
the magnetic iron oxide NMOs achieved a Pb2+ binding capacity of 46.6mg/g during 
adsorption, metal removal decreased substantially after one regeneration cycle 
(Venkateswarlu, Kumar, Prathima, SubbaRao, & Jyothi, 2019).  
 
Magnetic NMOs are attractive for wastewater treatment because they can be easily separated 
from solution with an external magnetic field (Zhou, Nie, Branford-White, He, & Zhu, 2009). 
However, large-scale magnetic separation technologies must be developed in order to deploy 
magnetic NMOs for wastewater treatment. The majority of wastewater treatment research on 
magnetic NMOs to date has been conducted at bench scale with hand-held magnets to recover 
metal bound-NMOs. In order to assess the feasibility of magnetic NMOs for wastewater 
treatment, separation of metal bound NMOs from solution must be tested using suitable 
industrial scale magnets (Powell et al., 2020).  
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2.2.2.6. Carbon based nanomaterials  
Carbon nanotubes (CNTs) have received attention for wastewater treatment due to their 
ultrafast water flux, high porosity, high surface area, chemical stability and selective tubular 
channel entries (Burakov et al., 2018). High water flux materials are advantageous for 
wastewater treatment because they require less pressure to transfer fluid through the 
membrane, thus reducing operating costs. Fast and frictionless fluid transport is attributed to 
the smooth and hydrophobic cylindrical graphite walls of the CNT tubular structure (Y. Gao, 
Qiao, Zhao, Wang, & Wang, 2018). Metal ion rejection by CNTs is primarily dependent on 
the accessibility to open or closed nanotube ends, along with their inner diameter and surface 
charge properties (Ihsanullah et al., 2016).  
 
Due to difficulties with particle dispersion and low adsorption capacities, conventional CNTs 
are often modified to form multi-walled carbon nanotubes (MWCNTs), which consist of 
multiple layered graphite sheets (Krstić et al., 2018). Additional surface modification methods 
such as acid treatment, alcohol treatment, and grafting with functional molecules, have also 
been employed to satisfy metal removal requirements in wastewaters with different 
contaminant compositions (Ihsanullah et al., 2016).   
 
Rosenzweig et al. (2014) analysed the effect of Cl- on copper adsorption with acid modified 
CNTs and alcohol modified CNTs. While the presence of Cl- in solution had little effect on 
Cu2+ removal with alcohol modified CNTs, the Cu2+ removal performance with acid modified 
CNTs decreased by 15% under the same solution conditions. It was suggested that electrostatic 
interactions between water and the acid modified CNTs generated H3O
+ ions that can attach to 
COOH- functional groups on the CNT, forming a positively charge surface that would attract 
Cl- and repel Cu2+ (Rosenzweig, Sorial, Sahle-Demessie, McAvoy, & Hassan, 2014). This 
emphasises the importance of carefully selecting suitable adsorbent modification approaches 
based on the composition of contaminants in wastewater. 
 
Currently, the high price of CNTs is a major limiting factors for large scale wastewater 
treatment (Ihsanullah et al., 2016). In addition, metal catalysts (i.e. Ni2+, Cr4+ and Cu2+) used 
for synthesising commercially available CNTs can persist within the nanotube structure and 
create issues for wastewater treatment by competitively blocking CNT adsorption binding sites 
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(Rosenzweig et al., 2014). Furthermore, release of metal catalysts from CNTs poses a serious 
risk to human health and the environment. 
 
2.2.2.7. Metal Organic Frameworks  
Metal organic frameworks (MOFs) are a class of crystalline porous materials composed of 
organic linkers and metal centres connected via coordination bonds (J. Li et al., 2018). Owing 
to the extensive selection of different metal ions and organic linker configurations, MOF 
synthesis provides customizable chemical functionalities and versatile architectures that are 
desirable for applications in energy storage, catalysis, electronic devices and filtration (T. Li, 
Pan, Peinemann, & Lai, 2013; W. Li, 2019). Application of MOFs across different industries 
is further advantaged by the low cost and simplicity of large scale synthesis methods (J. Li et 
al., 2018).  
 
To date more than 20,000 different MOFs have been synthesized (Feng, Zhang, Zhou, & 
Sharma, 2018). However, few MOFs fulfil the insolubility and chemical stability requirements 
necessary for successful industrial wastewater treatment. The metal-organic bonds are the 
weakest point in MOFs and are often easily hydrolysed in water. If the metal-organic bond is 
strong enough it is hard for water to substitute the existing bond (Feng et al., 2018). According 
to the hard/soft acid/base (HSAB) principle, strong coordination bonds are formed in the 
following reaction mixtures: a) hard acids and hard bases, and b) soft acids and soft bases. For 
example, carboxylate-based ligands are classified as hard bases, which can be combined with 
hard acid metal ions such as Cr3+, Al3+, Fe3+ and Zr4+ to form water stable MOFs. While Zn2+ 
is classified as a borderline acid metal ion, water stable MOFs can be successfully formed by 
combining Zn2+ with a hard base such as imidazolate-based ligands (Feng et al., 2018; Rao, 
Feng, Tang, & Wu, 2017).  
 
MOFs have large surface areas and highly ordered pore channels for efficiently separating 
contaminant particles from water by size exclusion (D. Ma, Peh, Han, & Chen, 2017). 
Additionally, MOFs can successfully bind to metals using different types of interactions such 
as coordination, ion-exchange, and electrostatic bonding (T. Li et al., 2018; Y. Zhang et al., 
2016). Zeolitic imidazolate frameworks (Zn-MOFs, also known as ZIFs) and zirconium (IV)-
carboxylate MOFs (Zr-MOFs) are subclasses of MOFs that both have attractive properties (e.g. 
large surface area, high porosity, good chemical resistance, abundant active sites and good 
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water stability) for wastewater treatment (T. Li et al., 2018; D. Ma et al., 2017).  Li et al. (2018) 
demonstrated that ZIF-8 is capable of efficiently removing Ni2+ from high salinity (Na+ > 
15,000 mg/L) solutions (T. Li et al., 2018). Wang et al. (2017) demonstrated that the efficiency 
of Pb2+ removal from wastewater with ZIF-8 remained greater than 90% after five regeneration 
cycles (G. Wang, Zhang, Wang, Ling, & Qiu, 2017).  
 
Saleem et al. (2016) used a hydrophilic molecule belonging to the Zr-MOF family, UiO-66, to 
efficiently remove up to 99% of heavy metals from experimental solutions. Upon removing 
metals from solution, the authors calculated that UiO-66 has a maximum adsorption capacity 
of 49, 117, 232 and 769 mg/g for Cd2+, Cr3+, Pb2+ and Hg2+ respectively (Saleem, Rafique, & 
Davies, 2016). 
 
Margariti et al. (2017) demonstrated that a calcium metal organic framework (Ca-MOF) 
rapidly removed Cu2+ from wastewaters containing various competitive cations (Ca2+, Mg2+, 
K+, Na+) with a loading capacity of up to 68 mg/g (Margariti et al., 2017). However, re-using 
the Ca-MOF adsorbent in subsequent wastewater treatment cycles was not possible because 
Cu2+ from solution replaced the Ca2+ belonging to Ca-MOF by ion-exchange, resulting in the 
formation of a new Cu-MOF structure. Although Margariti et al. (2017) successfully recycled 
up to 97% of the expensive organic ligand from Cu-MOF, the costs associated with recovering 
this component and re-synthesising Ca-MOF after every wastewater treatment cycle would be 
economically unfavourable for wastewater treatment at the industrial level.  
 
2.2.3. Membrane filtration 
The types of membrane filtration used to remove metals from wastewater include ultrafiltration 
(UF), reverse osmosis (RO) and nanofiltration (NF). Membranes serve as a physical barrier for 
rejecting metal ions and metal-containing compounds that are too large to pass through 
membrane pores. The properties of membranes used for each type of filtration are outlined in 
Table 1. 
 
Removing metals from wastewater is difficult due to their extremely small particle sizes. 
Hydrated metal ions have nano-sized atomic diameters, which prevents them from being 
rejected by the pores of conventional UF membranes during filtration (Abdullah et al., 2019). 
Therefore, UF membranes require support from additional processes to remove metal ions from 
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wastewater. Two types of approaches are commonly employed to facilitate metal removal from 
solutions using UF membranes: 1) wastewater pre-treatment to increase the size of metals in 
solution (i.e., binding metals to polymers or entrapping them within micellular aggregates 
using surfactants) or, 2) membrane modification (i.e., immobilizing metal binding adsorbents 
onto membranes). 
 
Table 1. Properties of membranes used for filtration of metal ions  
Membrane type Operating 
pressure  
Average 
pore size  
Molecular weight 
cut-off (MWCO)  
Pure 
water flux  
 bar µm kDa Lm-2h-1 
Reverse osmosis 
(RO)  
10 – 150 0.0003 – 
0.0005  




5 – 30  0.001 – 0.01  300 – 500  1 – 300  
Ultrafiltration 
(UF) 
1 – 10 
 
0.01 – 0.1  100 – 1000 300 – 700  
Properties for reverse osmosis (RO), nanofiltration (NF) and ultrafiltration (UF) membranes were collected from 
(Abdullah et al., 2019; Guillen, Pan, Li, & Hoek, 2011; Lalia, Kochkodan, Hashaikeh, & Hilal, 2013; Y. Wu et 
al., 2019) 
 
Most membranes for wastewater treatment are between 50 – 200 µm thick (Guillen et al., 
2011). Membranes are commonly produced as flat sheets or as tubular hollow fibres (see Figure 
3). Flat sheets may be encased in plate and frame modules or rolled up to form spiral wound 
membranes (Guillen et al., 2011; Y. Huang & Feng, 2019), however these have received little 
attention for wastewater treatment. Tubular membranes have large diameters (> 0.5 mm) and 
need to be supported, while capillaries (0.5 – 5 mm) and hollow fibre (< 0.5 mm) membranes 
can be self-supported due to their small diameters (Guillen et al., 2011). 
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Figure 3. Flat sheet and tubular membrane arrangements for wastewater filtration.  
A) Flat sheet membrane, B) Spiral wound membrane and C) hollow fibre membranes. Adapted from (Zhi Wang 
et al., 2018; J. Zhang, Li, Duke, Xie, & Gray, 2010) 
 
Different membrane configurations are employed to improve surface area to volume ratios so 
that large volumes of metal contaminated wastewater can be treated with compact equipment. 
The typical surface area to volume ratios achieved by plate and frame, spiral wound membranes 
and tubular hollow fibres are outlined in Table 2.  
 
Table 2. Surface area to bulk volume ratios for different membrane configurations. 
Module configuration Surface area-to-volume ratio  
 m2/m3 
Plate and frame  200 
Spiral wound 500 – 1000 
Tubular hollow fibres 1500 – 10,000 
Surface area to volume ratios for plate and frame, spiral wound and tubular hollow fibre membranes are 
displayed. Adapted from (Pal, 2017) 
 
Hollow fibre membranes have larger effective areas per unit volume than flat sheet modules. 
However, the water flux of hollow fibre membranes is often lower than those of flat sheet 
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membranes (J. Zhang et al., 2010). Considering that water flux is further reduced in highly 
contaminated solutions, the most appropriate membrane configuration for wastewater 
treatment will be largely determined by the concentration of dissolved and non-dissolved 
species in solution. 
 
For practical purposes, ideal membranes should remove heavy metals under low operating 
pressures and have a usage lifespan of 1-5 years (H. Ma, Burger, Hsiao, & Chu, 2014). 
Filtration processes with low operating pressures have reduced energy consumption costs, 
while membranes with increased operation lifespans will encounter membrane replacement 
expenses less frequently.  
 
The membrane usage lifespan is primarily determined by two main factors; chemical stability 
and membrane fouling (Abdullah et al., 2019). Chemical stability is required to withstand 
fluctuations in pH and survive exposure to contaminant species such as chloride ions (Cl-), 
which can damage membranes and impede contaminant removal (Galiano et al., 2018). High 
Cl- concentration in industrial wastewaters arises through the dissociation of hypochlorite salts 
that are frequently used for a wide range of processes including metal mining, water 
sterilisation and industrial cleaning. Although different polymer materials and surface 
functionalisation approaches have been successfully used to develop membranes with high 
chlorine resistance, their application for metal removal has been limited by poor rejection 
performances.  
 
Low concentration hypochlorite solutions are often employed for membrane cleaning to 
prevent membrane damage arising from microbial growth on the membrane, known as 
biofouling (Al-Abri et al., 2019). Membrane fouling refers to the blockage of membrane pores 
by accumulated organic or biological matter and is a major problem faced during industrial 
wastewater treatment processes (Barakat, 2011), particularly for reverse osmosis (RO) and NF 
membranes which have small pores that can be blocked more easily than with UF.  
 
2.2.3.1. Ultrafiltration (UF) 
Ultrafiltration (UF) technologies are used by a wide range of industries to remove bacteria and 
colloids during food and beverage processing, pharmaceutical manufacturing and wastewater 
treatment (Abdullah et al., 2019). In comparison to RO and NF for wastewater treatment, UF 
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is advantaged by reduced energy consumption, lower costs and easier maintenance (T. Li et 
al., 2018).  
 
While the pores on ultrafiltration membranes are too large to remove nanosized metal ions, the 
passage of metals through the membrane can be prevented by forming micellular metal 
assemblies with surfactants via micellular enhanced ultrafiltration (MEUF) or by capturing 
metals on large polymer molecules via polymer enhanced ultrafiltration (PEUF).  
 
However, MEUF and PEUF have not yet progressed beyond laboratory scale due to the high 
concentration of binding agents required to capture metals and the poor mechanical strength of 
the resulting complexes (Abdullah et al., 2019; Y. Huang & Feng, 2019). Metal complexes 
with weak mechanical strength tend to dissociate under high shear forces generated by 
centrifugal pumps used in industrial wastewater treatment plants, and this releases bound 
metals back into solution (Tang & Qiu, 2018). Because peristaltic pumps used for bench scale 
experiments exert much smaller shear forces on metal complexes than centrifugal pumps, 
promising bench scale metal removal performances with MEUF and PEUF often do not 
translate to success in large scale wastewater treatment. 
 
2.2.3.1.1. Micellular Enhanced Ultrafiltration (MEUF) 
Micellular enhanced ultrafiltration (MEUF) uses charged surfactant molecules to form 
micellular compounds with metal ions by assembling shared electrostatic attractions and 
excluding water (Fu & Wang, 2011; Schwarze, Chiappisi, Prévost, & Gradzielski, 2014). When 
the concentration of the surfactant is above the critical micelle concentration (CMC), 
interactions between the metal ion and surfactant can form micelle assemblies with larger 
diameters than the pores of the UF membrane (Abdullah et al., 2019).  Surfactants with low 
CMCs are advantageous for wastewater treatment because the low CMC reduces the 
concentration of surfactant required to remove metals from solution (Fu & Wang, 2011). 
 
Schwarze et al. (2014) successfully achieved 90% removal of Cu2+ from solution using a 
commercially available surfactant with both ionic and non-ionic properties, produced under the 
tradename Akypo® RO90 VG. Akypo® was selected due to its low CMC and temperature 
sensitive metal binding groups (Schwarze et al., 2014). Temperature sensitive binding 
properties are advantageous for wastewater treatment because the metal bound surfactant can 
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be easily recycled by applying heat to separate the metal and surfactant. However, additional 
process steps are required to recycle the surfactant, and this increases wastewater treatment 
costs.  
 
2.2.3.1.2. Polymer Enhanced Ultrafiltration (PEUF) 
Polymer enhanced ultrafiltration (PEUF) uses water soluble polymers to bind metals in 
wastewater, which forms metal-polymer complexes that are too large to pass through UF 
membrane pores (Kochkodan, Kochkodan, & Sharma, 2017). Suitable polymers for capturing 
contaminant metals should meet three general requirements; 1) larger molecular weight than 
the membrane molecular weight cut-off (MWCO); 2) sufficient solubility in aqueous solutions, 
and 3) high content of complexing or chelating groups (Y. Huang & Feng, 2019). 
 
Water soluble polymers used to bind contaminants prior to ultrafiltration can be grouped into 
two main categories: Polychelatogens (polymers with chelating or complexing groups) and 
polyelectrolytes (polymers containing repeating charged binding sites) (Y. Huang & Feng, 
2019). Polychelatogens such as polyethyleneimine (PEI) coordinate with metal ions to form 
macromolecular complexes, while polyelectrolytes such as poly (sodium-4-styrenesulfonate) 
(PSS) and poly (acrylic acid) (PAA) primarily bind contaminant metals via electrostatic 
interactions.  
 
Kochkodan et al. (2017) used PEI as a phytochelatogen to remove 97.7% of Cu2+ from solution 
and demonstrated stable removal performance across four subsequent treatment cycles 
(Kochkodan et al., 2017). Tang et al. (2018) used PAA as a polyelectrolyte to remove 99.6% 
of Cu2+ from solution (Tang & Qiu, 2018). PAA is a promising water-soluble polymer for large 
scale wastewater treatment operations because it forms stable metal complexes that can 
withstand the shear forces generated by industrial centrifugal pumps (Tang & Qiu, 2018). 
However, co-existing contaminants in solution can inhibit metal removal during PEUF by 
competitively binding to polymers. Preferential complexation between polymers and co-
existing ions (i.e., Ca2+ and Na+) reduces metal removal performance by decreasing the number 
of available polymer binding sites. As a result, increased polymer concentrations are required 
to provide free binding sites for removing remaining metals. Increasing the polymer 
concentration to remove metals is undesirable for wastewater treatment due to concerns around 
secondary pollution and increased operating costs.  
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2.2.3.2. Nanofiltration (NF) 
Nanofiltration membranes have a pore size of 1 – 10 nm and require an operating pressure of 
4.0 – 10 bar (Ahmed, Lalia, & Hashaikeh, 2015). Unlike ultrafiltration processes, nanofiltration 
membranes can remove heavy metal ions without binding them to larger molecules. Molecules 
are rejected by nanofiltration membranes using a number of mechanisms including, size 
exclusion, the Donnan effect, and diffusion (Al-Rashdi, Johnson, & Hilal, 2013). Size 
exclusion describes the rejection of ions that are too large to pass through membrane pores. 
The Donnan effect describes the formation of an electrostatic potential on either side of the 
membrane due to charge repulsion between ions in solution and the membrane surface, which 
can drive ion transport through the membrane in either direction (Abdullah et al., 2019).   
 
The surface of NF membranes will be negatively or positively charged depending on whether 
the pH of the solution being treated is above or below the isoelectric point (pI) of the 
membrane, respectively. In order to remove metals from solution, wastewater treatment 
conditions are controlled to maintain a positively charged surface on NF membranes. Positively 
charged NF membranes reject metal cations by charge repulsion, while water and negatively 
charged compounds can pass through the membrane pores (Abdullah et al., 2019). This 
produces an electrostatic potential on either side of the NF membrane, which results in the 
migration of ions across the membrane in both directions to maintain electroneutrality around 
the membrane.  
 
When filtering solutions with high concentrations of negatively charged ions through NF 
membranes, the electrostatic gradient formed on either side of the membrane may force metal 
ions to migrate through the membrane in order to maintain electroneutrality around the 
membrane (Al-Rashdi et al., 2013). Therefore, the rejection of metal ions by NF membranes 
often decreases as the feed concentration of co-existing anions increases. An outline of recent 






Table 3. Nanofiltration approaches for heavy metal removal from wastewater.  
Type of NF 
membrane 





heavy metal  
Rejection Reference 
    bar Lm2h-1  mg/L %  
Commercial 
NF270 
PIP PA PSF 1.5-5.0 3-5 9-22 
PWF =13.2 
Cu2+ 1000 ~ 100 (Al-Rashdi et 
al., 2013) 
CommercialNF270 PIP PA PSF 1.5 4 21 
 
Cd2+ 1000 99 (Al-Rashdi et 
al., 2013) 
CommercialNF270 PIP PA PSF 1.5 4 21.8 
 
Pb2+ 1000 74 (Al-Rashdi et 
al., 2013) 
CommercialNF270 PIP PA PSF 0.28 - 97 Fe3+, 
Cu2+, 
Zn2+ 














- 1-2 30 10 Fe3+ 429 > 90% (Yun et al., 
2018) 













Al-Rasdhi et al. (2013) removed almost 100% of copper from 1000 mg/L Cu2+ solutions at 3 
– 5 bar pressure and pH 1.5 to 5 using a commercially available NF270 NF membrane, which 
consist of a piperazidine (PIP) based polyamide (PA) active layer and a polysulfone (PSF) 
support layer. However, copper removal decreased to 58% when 2000 mg/L Cu2+ was used 
(Al-Rashdi et al., 2013).  
 
Lopez et al. (2019) showed that NF270 membranes could simultaneously reject metal ions and 
recover strong acids, such as H2SO4 and HCl, from hydrometallurgical streams. In solutions 
below pH 2.5, the NF270 membrane was positively charged and rejected metal ions via 
repulsion. At the same time, Cl- ions were transported through the membrane. Despite being 
positively charged, H+ ions in solution were transported through the membrane via the Donnan 
effect to neutralise the growing negative charge on the permeate side, formed by the 
accumulation of Cl- ions (López et al., 2019). Upon being transported into the permeate, H+ 
ions reacted with Cl- ions to produce HCl, which could be recovered. 
 
Furthermore, Yun et al. (2018) developed a wastewater treatment pilot plant (1 ton/day 
capacity) that removed 90% of metal ions from copper refinery wastewater using a 
polyacrylonitrile (PAN) NF membrane. Additionally, H2SO4 could be recovered from the 
permeate after filtration (Yun et al., 2018). This indicated that NF is a circular solution for 
wastewater treatment, which provides attractive economic and environmental benefits.  
 
2.2.3.3. Reverse Osmosis (RO) 
Reverse osmosis (RO) uses a semi-permeable membrane to remove a wide range of pollutants 
from wastewater (Fu & Wang, 2011). Commercial RO membranes typically consist of a 
polysulfone (PSF) supporting layer, polyethylene terephthalate (PET) base and an aromatic 
polyamide (PA) active layer (Galiano et al., 2018). Compared to NF membranes, RO 
membranes are denser and do not have definitive pores (Abdullah et al., 2019). The net 
movement of water naturally moves from a region of low solute concentration to a region of 
high solute concentration due to osmosis. RO works in the opposite direction by applying 
pressure to transport water against the concentration gradient (Abdullah et al., 2019; Azimi et 
al., 2017). This water treatment process accounts for more than 20% of the world’s desalination 
capacity (Fu and Wang et al 2011). 
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Because RO processes primarily separate metals by diffusion, metal removal performance is 
strongly influenced by operation pressure, water flux and the concentration of co-existing ions 
in solution (Al-Saydeh, El-Naas, & Zaidi, 2017). Extremely small pore sizes allow RO 
membranes to reject both divalent and monovalent ions using three basic steps; 1) the 
concentration gradient formed between the feed and permeate solutions on opposite sides of 
the membrane promotes absorption of water onto the membrane, 2) water then diffuses through 
the membrane due to the concentration gradient, and 3) water molecules desorb from the semi-
permeable membrane, forming a nearly pure solution (Azimi et al., 2017). 
 
While RO is considered the most effective treatment process for potable/drinking water, the 
semi permeable membrane is more prone to fouling than UF and NF technologies under high 
contaminant loads presented by industrial wastewaters. Considering that periodic cleaning to 
prevent membrane fouling can account for up to 50% of the wastewater treatment costs, 
developing economical approaches to mitigate membrane fouling is essential for enabling 
widespread application of RO technology in metal industrial wastewaters (Al-Abri et al., 
2019).  
 
Petrinic et al. (2015) demonstrated that removing colloidal matter from solutions using prior 
UF treatment can reduce the formation of foulants on RO membranes and extend their 
operational lifespan. It was further demonstrated that the investment required for integrating 
an UF treatment step prior to RO is cost neutral over a 10-year operation period (Petrinic, 
Korenak, Povodnik, & Hélix-Nielsen, 2015).  
  
However, nanofiltration technologies are often more attractive than RO for industrial 
wastewater treatment due to offering similar metal removal efficiencies with lower energy 
consumption costs (Abdullah et al., 2019). Nanofiltration is further advantaged by the ability 
to potentially recover valuable chemicals for re-use in industrial processes, instead of rejecting 
these monovalent ionic components like in RO.   
 
2.3. Fabricating membranes for wastewater treatment 
Polymeric membranes are widely used for removing metals from wastewater because polymers 
are typically easy to process and follow straightforward pore forming mechanisms (Galiano et 
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al., 2018; Warsinger et al., 2018). The type of polymer selected for preparing porous 
membranes will determine the membrane surface hydrophilicity, strength, chemical resistance 
and thermal stability (Guillen et al., 2011). Suitable polymer materials used to prepare 
membranes for removing metals from solution must be able to survive in industrial wastewater 
conditions, such as low pH and high oxidant concentrations (i.e., Cl-).  
 
Membrane fabrication techniques facilitate the assembly of polymers into porous membrane 
structures by controlling the conditions required for optimal spatio-temporal interactions 
between polymers and reactants. Phase inversion and interfacial polymerisation (IP) are the 
most common fabrication methods for producing commercially available membranes, while 
electrospinning is emerging as a promising membrane fabrication method at the laboratory 
scale (Lalia et al., 2013). To satisfy the growing global demand for membranes in wastewater 
treatment, membrane manufacturing methods need to be scalable and consistently produce 
membranes with well-defined properties (Galiano et al., 2018). 
 
2.3.1. Membrane polymer materials 
Synthetic fossil fuel-based polymers, such as polyamide (PA), poly-tetra-fluoroethylene 
(PTFE), polysulfone (PSF) and polyacrylonitrile (PAN), dominate the water filtration 
membrane market due to their versatility, cost effectiveness and long-term stability (Galiano 
et al., 2018). Because wastewater membranes require frequent replacement to ensure 
contaminant rejection stays within applicable regulatory limits, large quantities of 
decommissioned membranes are often discarded at landfills. While statistics are lacking for 
membrane waste in New Zealand, the mass of membranes disposed in Australian landfills is 
estimated to be above 800 tonnes/year (Lawler et al., 2013).  
 
To reduce reliance on fossil fuels for membrane preparation and minimise waste accumulation, 
membrane producers have started exploring naturally derived biopolymer materials for 
membrane preparation (Galiano et al., 2018). Because many synthetic polymers used in 
membrane production are prone to damage due to fouling, attempts have been made to blend 
synthetic polymers with hydrophilic natural biopolymers, such as starch and chitosan, to 
improve surface wettability and fouling resistance (Nabavi, Mahdavian, Ghaffarian, & Zabihi, 
2016; Sami, Khalid, Iqbal, Afzal, & Shakoori, 2016). Blended synthetic and natural polymer 
membranes have also been explored to improve membrane biodegradation (Ghaffarian, 
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Mousavi, Bahreini, & Afifi, 2013; Zarei & Ghaffarian, 2013). However, there is no point 
integrating biodegradable membranes into many conventional industrial membrane cassettes 
because the way these are designed means it would not be economically feasible to separate 
the membrane from the cassette after use (Varanasi, Low, & Batchelor, 2015).  
 
An alternative solution for reducing environmental issues associated with synthetic polymer 
extraction and disposal is to develop membranes with increased operational lifespans. 
Synthetic polymer membranes with extended lifespans could be sold by manufacturers for 
higher prices due to improved product quality, where less frequent membrane replacements 
would minimise both polymer consumption and waste generation. An outline of polymers that 
























Table 4. Outline of common polymers used to prepare membranes for removing metals from wastewater. 




• High chemical 
stability 
• High thermal 
stability  
• Good mechanical 
properties 
• Susceptible to 
chlorine, albeit less 
so than aliphatic PA   





• Wide pH 
tolerance 
• High thermal 
stability 
• Good mechanical 
properties  
• Susceptible to 
chlorine  
(Al-Abri et al., 2019; 
Hosseini et al., 2016; 














(Galiano et al., 2018; 




fluoride (PVDF)  
• High chemical 
stability  
• Hydrophobic (Galiano et al., 2018; 
Mungondori, 
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• High thermal 
stability  
• Good mechanical 
properties 
• Good biofouling 
resistance 
• Broader pore size 
distribution 
Tichagwa, & Katwire, 












(K. P. Lee, Arnot, & 
Mattia, 2011; 





• High thermal 
stability 
• Oxidant tolerant  
• Compaction 
resistant 
• Narrow pore size 
distribution 






• High chemical 
resistance 
• High thermal 
stability 
• Good mechanical 
properties 
• Hydrophobic  
• Limited number of 
compatible solvents  
(Barroso, Temtem, 
Casimiro, & Aguiar-
Ricardo, 2011; Guillen 
et al., 2011) 
Cellulose acetate 
 
• Good mechanical 
properties 
• Naturally derived  
• Narrow pH range 
3.5 – 6.5 
• Susceptible to 
chlorine 
• Vulnerable to 
microbial attack 
(Al-Abri et al., 2019; 
Galiano et al., 2018; K. 






Many polymers used in membrane preparation are semi-crystalline, consisting of both 
crystalline and amorphous regions (Lalia et al., 2013). The polymer crystallinity can vary 
between 5 – 90% (Jose, Kappen, & Alagar, 2018). Highly crystalline polymers have reduced 
permeability because liquid cannot penetrate through the tightly ordered polymer chain 
networks, which means that liquid is forced to travel through the amorphous regions (Lalia et 
al., 2013).  
 
The surface hydrophilicity and chemical resistance of membranes are largely determined by 
the polymer functional group composition. Hydrophilic membranes can be produced using 
polymer materials that display positively and negatively charged functional groups on the 
membrane surface, such as amino and carbonyl groups, respectively. Similarly, hydrophobic 
membrane materials may be chemically modified to increase membrane hydrophilicity by 
converting existing functional groups into charged groups. The concentration of charged 
groups on the membrane surface will determine the isoelectric point (pI) of the membrane, 
which helps to predict whether the membrane will be positively or negatively charged at a 
given pH. The membrane is likely to be positively charged if the pH of the wastewater solution 
is below the pI of the membrane, and vice versa (T. Li et al., 2018). Knowing the membrane 
charge is useful because it can predict whether contaminants will be attracted or repelled by 
the membrane surface. 
 
It has been well documented in the literature that membranes with increased surface 
hydrophilicity are more resistant to fouling by microorganisms, organic substances and charged 
inorganic particles (Al-Abri et al., 2019; Lalia et al., 2013; K. P. Lee et al., 2011; Zhao, Xue, 
Ran, & Sun, 2013). A major reason for the anti-fouling properties of hydrophilic membrane is 
that charged groups displayed on the surface of hydrophilic membranes can interact with 
surrounding water molecules by hydrogen bonding, which helps form a thin protective water 
boundary layer over the membrane surface. The high surface tension of the thin water boundary 
layer prevents foulant molecules from adsorbing onto the membrane because an increase in 
energy would be required to penetrate the ordered boundary layer (Lalia et al., 2011).  
 
Hydrophilic membranes are characterised by a water contact angle (CA) below 90° and have 
smooth surfaces. Hydrophobic membranes have rougher surfaces that are generally observed 
to be more favourable for foulant attachment, resulting in increased membrane fouling rates 
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(Lalia et al., 2013). While results on membrane fouling depending on surface roughness are 
reasonably consistent, conflicting results have been reported for highly rough surfaces that 
have contact angles greater than 150°, also known as superhydrophobic surfaces. These 
membranes mimic the rough surface microstructures found in nature such as in the lotus leaf, 
which helps to keep itself clean by repelling water off the surface (Patel et al., 2012).  
 
Selecting polymer materials with appropriate chemical properties for the intended wastewater 
treatment application is very important. While membrane materials with charged functional 
groups can improve membrane hydrophilicity and reduce membrane fouling, the presence of 
charged groups can also increase the reactivity of these materials, making the membrane more 
susceptible to damage (Lee et al., 2011).  
 
2.3.1.1. Cellulose acetate 
Cellulose acetate (CA) is a modified polysaccharide derived from plants, which remained the 
best material for developing RO membranes until 1969 (Lee et al., 2011). However, the 
susceptibility of the acetate group to hydrolysis in acidic and basic conditions restricts CA 
membranes to operation between pH 3.5 and 6.5 (Lee et al., 2011; Al-Abri et al., 2019). 
Considering that metal contaminated industrial wastewater typically is highly acidic (Lopez et 
al., 2019), CA membranes are often not suitable for removing metals from industrial 
wastewater. Due to possessing improved chemical stability and chlorine resistance, PA 
membranes have largely replaced CA membranes for industrial wastewater treatment (Galiano 
et al., 2018). Also, being organically derived makes biopolymer membranes (such as CA) more 
susceptible to microbial attack (Al-Abri et al., 2019).  
 
2.3.1.2. Polyamides (PA) 
Polyamide (PA) spiral wound membranes dominate the nanofiltration (NF) and reverse 
osmosis (RO) market with a 91% share of sales (K. P. Lee et al., 2011). Aliphatic PA 
membranes, such as nylon, consist of straight chain and/or branched polymers but do not 
contain aromatic rings (Seader, 2011). Commercially available aliphatic PA membranes have 
relatively low chlorine resistance ([Cl-] < 1000 mg/L), which reduces their lifespan with 
periodic cleaning cycles using chlorine-based disinfectants (Al-Abri et al., 2019). This is due 
to the presence of the amidic hydrogen, which is susceptible to attack by chlorine (H. B. Park, 
Freeman, Zhang, Sankir, & McGrath, 2008).  
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Aromatic polyamide membranes have been developed to provide better thermal and chemical 
stability than their aliphatic counterparts. Stable ring structures present in aromatic polyamide 
membranes are less susceptible to attack by disinfectants such as ozone and chlorine (K. P. Lee 
et al., 2011). Aromatic polyamides are therefore preferred as selective layers for NF and RO 
membranes. Lopez et al. (2019) demonstrated that polyamide nanofiltration membranes can 
recycle acids (H2SO4 and HCl) from wastewaters while also removing Cu
2+ (López et al., 
2019). 
 
2.3.1.3. Polytetrafluorethylene (PTFE) 
Polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) are thermoplastic 
fluoropolymers commonly used to prepare membranes (Guillen et al., 2011). PTFE is one of 
the most hydrophobic and highly crystalline polymers used for preparing membranes (Galiano 
et al., 2018). Also, the high degree of polymerisation (approx. 100,000) provides PTFE with 
good mechanical strength (Seader, 2011).  
 
2.3.1.4. Poly (vinylidene fluoride) (PVDF) 
Poly (vinylidene fluoride) shows good thermal and chemical resistance, albeit slightly lower 
than PTFE (Guillen et al., 2011). PVDF has largely replaced polypropylene (PP) as the material 
of choice for MF/UF applications due to having improved chemical stability, increased 
microbial growth resistance, reduced nominal pore size and reduced capital costs (Galiano et 
al., 2018; Warsinger et al., 2018). Additionally, PVDF has demonstrated high chlorine 
resistance over monthly treatment cycles (Warsinger et al., 2018). Li et al. (2018) demonstrated 
that PVDF membranes coated with ZIF-8 in a polyacrylic acid (PAA) layer could selectively 
remove Ni2+ from solutions containing high concentrations of co-existing Na+ ions (T. Li et 
al., 2018). 
 
2.3.1.5. Polysulfone (PSF) 
Polysulfone (PSF) is an ideal porous supporting layer material for thin film composite 
membranes due to its compaction resistance and tolerance towards harsh chemicals used during 
interfacial polymerisation (Warsinger et al., 2018). The structure for polysulfone (PSF) 
indicated in Table 4 is one of many different types. The SO2 group is a core component of each 
alternative PSF structure that provides the polymer with high mechanical strength. Sulfonated 
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and carboxylated PSF membranes have been developed to improve membrane permeation. 
However, negatively charged sulfonyl and carboxyl groups on the membrane surfaces strongly 
attracted divalent cations that “shield” the charge and decrease rejection of monovalent ions 
(Lee et al., 2011).   
 
2.3.1.6. Polyethersulfone (PES) 
Of the materials belonging to the sulfone polymer family, polyethersulfone (PES) is one of the 
most important due to possessing outstanding chemical and mechanical stability (Galiano et 
al., 2018). While PSF membranes are less expensive, industrial wastewater treatment 
conditions tend to require higher PES membranes for water separation due to higher thermal 
and chemical resistance. To overcome issues with membrane biofouling, hydrophobic PES 
membranes are typically modified with hydrophilic molecules (Zhao et al., 2013). This can be 
achieved by blending functional molecules into the polymer dope solution during phase 
inversion or by securing them onto the membrane surface.  
 
2.3.1.7. Poly (sodium 4-styrenesulfonate) (PSS) 
Poly (sodium 4-sytrene sulfonate) (PSS) is a negatively charged polyelectrolyte that can be 
applied as a coating layer over a membrane support to increase hydrophilicity and improve 
biofouling resistance (Zao et al., 2013). Sulfonate (SO3
-) functional groups contained in the 
PSS polymer structure are responsible for the negative charge and provide good coordination 
sites for removing hard ions, such as Ca2+ and Mg2+, during water softening (M. Chen, Shafer-
Peltier, Randtke, & Peltier, 2018).  
 
2.3.1.8. Polyacrylonitrile (PAN) 
Polyacrylonitrile (PAN) membranes have a good resistance to chlorine based-cleaning agents, 
high mechanical strength and high thermal stability (Guillen et al., 2011; Karmakar, 
Bhattacharjee, & De, 2018). These properties are enabled by the strong intermolecular 
interactions between acrylonitrile (AN) units that make up the membrane polymer network. 
The highly reactive electron pair on the nitrogen of the nitrile (-CN) functional group initiates 
strong hydrogen bonding between AN units (Sada, Kokado, & Furukawa, 2015). PAN is also 
indicated to be more fouling resistant than most membranes due to its low affinity with 
extracellular polysaccharides (Warsinger et al., 2018). Wang et al. (2017) successfully 
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removed 98% of Pb2+ from solutions using ZIF-8 coated PAN nanofiltration membranes (G. 
Wang et al., 2017). 
 
2.3.1.9. Mixed Matrix Membranes (MMM)  
Polymer membranes with extremely small pore diameters are required to reject dissolved metal 
ions (Efome, Rana, Matsuura, & Lan, 2019). However, reducing the pore size in polymer 
membranes to remove nanosized metal ions results in a reduction in membrane permeability. 
As a result, polymer membranes suffer from a trade-off between permeability and selectivity 
(Brown et al., 2012; T. Li et al., 2013). To overcome the membrane selectivity vs permeability 
trade-off constraint, recent research has focussed on combining conventional polymeric 
membranes with nanoparticles, leading to the creation of mixed matrix membranes (MMMs) 
(Abdullah et al., 2019; Guillen et al., 2011; T. Li et al., 2013). Improved permeability and 
selectivity can be achieved with MMMs in comparison to conventional membranes by taking 
advantage of the extensive range of chemical and physical properties offered by different 
nanoparticles. For example: combining membranes with nanoparticles that possess high 
densities of charged functional groups can improve membrane hydrophilicity, which can 
enhance water flow through the membrane (R. Zhang et al., 2014). Furthermore, charged 
functional groups on nanoparticles that have been integrated into MMMs can selectively adsorb 
metals from solution (Jamshidifard et al., 2019). Additionally, nanoparticles with defined pore 
structures can be coated onto conventional membranes to provide a selective layer that removes 
metals from water by size-based separation (W. Li, 2019).  
 
The performance of MMMs relies on the density of particles loaded on the membrane, which 
can be maximised by using nanosized particles (Guillen et al., 2011). However, strong Van der 
Waals forces (i.e. distance dependent interactions between atoms or molecules) between 
nanoparticles used to prepare MMMs can cause them to aggregate, which restricts access to 
metal binding sites and inhibits wastewater treatment performance (Abdullah et al., 2019). 
Therefore, maximising nanoparticle loading concentrations while maintaining uniform 
dispersion on the membrane is essential for developing effective MMMs for wastewater 
treatment (X. Li et al., 2017).  
 
Furthermore, binding interactions between nanoparticles and the membrane must be strong in 
order to prepare MMMs with suitable lifespans for sustained wastewater treatment. Interactions 
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between nanoparticles and the membrane support can become weaker with sustained 
wastewater treatment cycles, which may cause unintentional release of metal bound 
nanoparticles into the environment during filtration. 
 
A number of functional materials including carbon nanotubes (CNTs), nanosized metal oxides 
(NMOs), synthetic co-polymers and natural ligands have been explored for developing mixed 
matrix membranes. Recently, Abdullah et al. (2019) outlined experimental conditions and 
filtration performances for many MMMs in a very comprehensive review (Abdullah et al., 
2019). To avoid unnecessarily repeating results on heavy metal removal from wastewater with 
MMMs, the reader is referred to this review.   
 
Moreover, metal organic framework (MOF) based MMMs are an emerging class of MMMs 
that have recently started to attract a lot of attention in the literature for removing heavy metals 
from wastewater (J. Li et al., 2020; J. Li et al., 2018). While most porous solid materials are 
poorly compatible with organic polymers, MOFs interact well with the polymer bulk due to 
the presence of organic linkers in their structure (X. Li et al., 2017; G. Wang et al., 2017).  
 
MOFs can be either integrated into a polymer matrix or distributed as an uninterrupted 
polycrystalline film on a polymer membrane support, forming MOF composite MMMs or 
continuous MOF MMMs, respectively. In MOF composite membranes, water is 
simultaneously filtered through pores in both the MOFs and polymer membrane. In contrast, 
continuous MOF membranes consist of a pure MOF selective layer, which means that the MOF 
pores are the only permeation pathway through the membrane (X. Li et al., 2017). However, 
preparing MMMs with continuous and defect-free MOF layers is a challenging task (Goh & 
Ismail, 2018). Supporting membranes for preparing MMMs often lack sufficient 
concentrations of heterogeneous nucleation sites, such as -COOH and -NH2 groups, which are 
required to anchor MOF crystals and form a continuous layer. This can result in pinhole defects 
and cracks in the membrane surface, which will negatively affect water flow (X. Li et al., 2017).  


















pH Pressure  Flux  Conc. of 
heavy 
metal  
Rejection  Adsorption 
capacity1  
Reference 
    bar L.m2.h mg/L % mg/g  
ZIF-8 PAA active 
PVDF support 
Ni2+ 5.5 1 460 2 99 219.09  (T. Li et al., 2018) 
ZIF-8 PSS active layer 
Electrospun PAN 
support 
Pb2+ N/A N/A 180 20 99.5 74.1 (G. Wang et al., 
2017) 
UiO-66-NH2 PAN/chitosan Pb2+ 6 1 452 50 94 441.2  (Jamshidifard et 
al., 2019) 
UiO-66-NH2 PAN/chitosan Cd2+ 6 1 452 50 89 415.6 (Jamshidifard et 
al., 2019) 
UiO-66-NH2 PAN/chitosan Cr4+ 3 1 452 50 85.5 372.6 (Jamshidifard et 
al., 2019) 
IRMOF-3/GO  PDA coated PSF Cu2+ 5 7 31 215 ~ 90 254.14 (Rao et al., 2017) 
Abbreviations: ZIF-8; zeolitic imidazolate framework, UiO-66-NH2; zirconium metal organic framework, IRMOF-3/GO; isoreticular metal organic framework conjugated to 








Jamshidifard et al. (2019) electrospun PAN and chitosan together with UiO-66-NH2 MOFs to 
form a nanofibrous layer over a PVDF support. Increasing the UiO-66-NH2 MOF 
concentration in the polymer up to 10 wt% provided more carboxylic and amine groups, 
allowing Pb2+, Cd2+ and Cr4+ adsorption capacities to reach up to 441.2, 415.6 and 372.6 mg/g, 
respectively. 
 
Important considerations for progressing MOF-based MMMs towards industrial application 
are as follows:  
1) membrane thickness should be at least 150 µm and continuous wastewater treatment 
should be conducted at low pressure (0.1 – 2.0 bar) to enable effective adsorption.  
2) MOFs must demonstrate stable attachment on compatible supporting layers to 
optimise membrane performance and minimise potential leaching of nanomaterials into the 
environment, and;  
3) adsorptive MOFs must remain stable for long operational periods and withstand 
appropriate regeneration cycles to enable cost-effective utilisation in commercial application 
(Abdullah et al., 2019) 
 
2.3.2. Methods for fabricating membranes  
Phase inversion is widely regarded as the most popular method for producing UF and NF 
membranes due to its simplicity, scalability and ability to produce high performing membranes 
(Guillen et al., 2011). Interfacial polymerisation (IP) is the most common method for producing 
RO membranes as it forms densely packed membrane selective layers with sub-nanometre 
pores, which typically achieve better salt rejection performance than asymmetric membranes 
produced via phase inversion (Warsinger et al., 2019; Lalia et al., 2013). 
 
Membranes for wastewater treatment are produced as either flat sheets or hollow fibres. Flat 
sheet membranes can be rolled into spiral wound membranes, which is the most extensively 
used design in RO configurations (K. P. Lee et al., 2011). Hollow fibre membranes are 
generally preferred for UF because the high membrane surface area-volume ratio enables 
efficient wastewater treatment (Pal, 2017). However, for research purpose, flat sheet 
membranes are commonly used because preparation is simpler and does not require specialty 
equipment (Zhao et al., 2013). 
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While the contribution of membrane technologies to mitigating environmental pollution cannot 
be denied, current membrane fabrication methods are far from being a sustainable process 
(Galiano et al., 2018). Membrane fabrication typically requires polymers to be dissolved in 
toxic solvents so that they can be cast into films and interact with one another (Razali et al., 
2015). An exchange between solvents and non-solvents is also the primary mechanism 
underlying the formation of pores in membranes produced by phase inversion (Guillen et al., 
2011; Lalia et al., 2013). As a result, more than 50 billion litres of wastewater contaminated 
with toxic solvents is generated during membrane fabrication each year! (Razali et al., 2015).  
 
Reducing the reliance upon toxic solvents for membrane fabrication will be essential to 
minimise environmental harm. Marino et al. (2019) recently explored membrane preparation 
with Cyrene, a commercially available bioderived solvent, which could be used for preparing 
PVDF membranes by phase inversion (Marino, Galiano, Molino, & Figoli, 2019). Ionic liquids 
have also been gaining attention as promising green solvents due to their low volatility (H. Ma 
et al., 2010). While green membrane fabrication methods have demonstrated promising results 
at the laboratory scale (H. Ma et al., 2011; Marino et al., 2019), more research is needed to 
scale up these methods for commercial membrane fabrication. 
  
2.3.2.1. Phase Inversion 
Excluding the solvent from a polymer solution enables the polymer to transition from a liquid 
to a solid state. This phenomenon is referred to as phase inversion.  
 
Due to the different shapes, different preparation processes are used to produce flat sheet and 
hollow fibre membranes (Zhao et al., 2013). Flat sheet membranes are typically formed by 
coating a porous mechanical support with a thin film of polymer solution, also known as a 
polymer dope, and then initiating solidification by phase inversion processes (Guillen et al., 
2011). While both flat sheet and hollow fibre membrane preparation involve phase inversion 
solidification processes, forming the hollow tubular structure requires a spinning apparatus, as 





Figure 4. Membrane preparation by phase inversion.  
A) Flat sheet membrane and B) Hollow fibre membrane. Adapted from (Gohil & Choudhury, 2019) 
 
Unlike flat sheet membrane preparation, successful formation of hollow fibre membranes 
involves phase inversion occurring from both the inner and outer side of the structure, and also 
requires higher polymer concentrations. This integrates additional elements of complexity to 
the solvent/non-solvent exchange and polymer precipitation processes (Zhao et al., 2013). A 
detailed explanation of the physiochemical processes that drive membrane formation during 
phase inversion is beyond the scope of this review. Instead, the reader is referred to a more 
detailed discussion on this topic by (Guillen et al., 2011). This section instead intends to briefly 
describe immersion precipitation as the most common commercially used phase inversion 
technique. 
 
2.3.2.1.1. Immersion precipitation 
Immersion precipitation, also known as non-solvent induced phase separation (NIPS), was 
among the first phase inversion processes to be commercially explored and is one of the most 
popular membrane formation methods due to its operational simplicity (Guillen et al., 2011). 
Preparing a porous membrane by the immersion precipitation process involves coating a thin 
film polymer solution, also known as a polymer dope, onto a suitable support. This thin film 
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polymer solution is composed of at least one polymer and a compatible solvent. The thin film 
solution is then immersed into a coagulation bath containing a non-solvent, such as water. 
Formation of a solid membrane results from exchange between the solvent and the non-solvent, 
where the solvent diffuses into the coagulation bath while the non-solvent diffuses into the 
coated film (Lalia et al 2013).  
 
It is essential that the solvent and non-solvent are miscible (Guillen et al., 2011). An exchange 
between the solvent and non-solvent during membrane solidification occurs when the solvent 
has a higher interaction affinity for the non-solvent in the coagulation bath than for the polymer 
in the thin film solution. Due to the higher interaction affinity, mixing between the solvent and 
non-solvent is more energetically favourable than maintaining the polymer and solvent in a 
mixed thin film solution (Seader, 2011). This causes the thin film solution to become 
thermodynamically unstable and separation occurs, which splits the polymer solution into a 
polymer rich phase and a polymer poor phase. Considering that energy is conserved in 
thermodynamic systems, the reduction in energy upon mixing the solvent and non-solvent can 
provide more energy for assembling polymer chains into an ordered solid matrix. Therefore, 
the polymer rich phase predominantly forms the membrane matrix, while the polymer poor 
phase forms membrane pores. 
 
Microfiltration (MF) membranes with pore size 0.1 – 1.0 µm are typically formed when the 
rate of exchange between the solvent and non-solvent are the same, while ultrafiltration 
membranes with a pore size of 0.01 – 0.1 µm are typically formed when the solvent diffuses 
into the coagulation bath at a faster rate of diffusion than the rate at which non-solvent enters 
into the membrane (Lalia et al., 2013). 
 
Membrane structure is ultimately determined by factors that influence the rate of separation 
between the three main membrane components (polymer, solvent and non-solvent) (Guillen et 
al., 2011). Generally, fast separation and precipitation rates results in membranes with large 
“finger-like” macrovoids in the substructure. In contrast, slow separation and precipitation 





Figure 5. Membrane morphologies resulting from different types of solution separation. 
Membranes with sponge-like morphologies result from slow solvent-non-solvent exchange, which can be caused 
by low affinity between solvent and non-solvent, high polymer concentrations, and low coagulation bath 
temperatures. Alternatively, membranes with finger-like morphologies result from fast solvent-non-solvent 
exchange, which can be caused by high affinity between solvent and non-solvent, low polymer concentrations, 
and high coagulation bath temperatures. Adapted from (Guillen et al., 2011).  
 
Selecting compatible solvent and non-solvents is one of the main factors for membrane 
preparation by immersion precipitation. Solvent and non-solvent pairs that share higher 
affinities for each other will increase the rate of separation and produce permeable macrovoid 
substructures. Additionally, the size of the solvent molecule strongly influences the 
precipitation path and fibre morphology. Smaller, faster diffusing molecules result in faster 
separation rates and vice versa (Seader, 2011). Similarly, increasing the coagulation bath 
temperature enhances solvent-non-solvent diffusion and also leads to increased separation rates 
(Guillen et al., 2011). 
 
Increasing the polymer concentration leads to more viscous polymer dope solutions, which 
decreases the rate of separation and produces smaller sponge-like pore structures. UF 
membranes are typically produced using a range of polymer concentrations between 12 – 20 
wt%, while RO membranes are produced using polymer concentrations greater than 20 wt% 
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(Lalia et al., 2011). However, prolonged separation may produce sponge-like membrane 
morphologies with pore sizes that are too small to allow efficient water transport during 
filtration. 
 
While the formation of macrovoids can increase membrane porosity and improve membrane 
permeation, they also provide weak points in the membrane which may be damaged under high 
pressure. Therefore, commercially available membranes have transitioned from mainly 
containing finger-like morphologies to predominantly sponge-morphologies (Lee et al., 2011). 
 
2.3.2.2. Interfacial polymerisation  
Interfacial polymerization (IP) is the most commonly used method for preparing commercially 
available reverse osmosis (RO) and nanofiltration (NF) membranes (Lalia et al 2013; Lee et 
al., 2013). The interfacial polymerisation process involves combining two immiscible liquids, 
each consisting of water-soluble or organic soluble monomers, which allows polycondensation 
to occur at the interface (Warsinger et al., 2018; Zao et al., 2013). Most NF and RO membranes 
produced by IP methods contain a thin PA selective layer on top of an ultrafiltration membrane 
support (Lalia et al., 2013).  
 
Typically, PA selective layers are fabricated on top of a PSF support by interfacial 
polymerisation between monomers with amine groups in an aqueous phase and acyl chloride 
groups in an organic phase (Wang et al., 2015). Due to the high reactivity of the acyl chloride, 
the polymerisation reaction is rapid and does not require an acid acceptor to facilitate cross-
linking (Lee et al., 2011). However, membranes produced by interfacial polymerisation are 
always produced as flat sheets due to difficulties with performing the chemical reaction when 
coating hollow fibres using this method (Zhao et al., 2013). 
  
2.3.2.3. Electrospinning 
Electrospinning is emerging as a simple and reliable method for developing water filtration 
membranes from a wide range of polymers (Ahmed et al., 2015; Ashraf et al., 2019; Lalia et 
al., 2013). Nanofibrous electrospun gas mask filters were first produced on an industrial scale 
by the USSR in the late 1930s for protection against radioactive aerosols. However, these early 
developments on electrospun nanofibrous fibres were classified as military secrets and did not 
circulate outside the USSR (Persano, Camposeo, Tekmen, & Pisignano, 2013). Interest in 
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electrospinning technologies for filtration has been substantially renewed over the past decade 
(Lalia et al., 2013). 
 
During electrospinning, the application of a high electric field to a charged polymer generates 
a thin liquid jet that is deposited on a grounded surface, forming a nanofibrous membrane layer 
(Lalia et al., 2013), as displayed in Figure 6.   
 
Figure 6. Schematic of electrospinning setup.  
Electrospinning involves applying a high voltage to a polymeric solution in order to produce nanofibers. 
Adapted from (Ahmed et al., 2015) 
 
The porosity, pore distribution, pore size, hydrophilicity and micro-architecture of electrospun 
membranes are governed by nanofiber diameter and morphology (Ahmed et al., 2015). 
Membranes containing smooth fibres with narrow diameters are desirable for wastewater 







Nanofiber formation is affected by the solution viscosity, which is primarily dependent on the 
concentration of the polymeric solution and the molecular weight of the selected polymers 
(Lalia et al., 2013). Increased solution viscosity produces fibres with larger diameters and 
minimal beads, while less viscous solutions produce fibres with smaller diameters and 
enhanced bead formation (Ashraf et al., 2019). Patel et al. (2012) produced nanofibers with 
smaller diameters and increased membrane hydrophobicity by reducing the concentration of 
poly(4-methyl-1-pentene) (PFMOP). The superhydrophobic surfaces of these membranes was 
suggested to help repel water and provide self-cleaning properties (Patel, Manzo, Patel, 
Kulkarni, & Chase, 2012). Considering that periodic cleaning constitutes up to 50% of water 
treatment plant operation costs (Al-Abri et al., 2019), production of self-cleaning membranes 
with increased fouling resistance is economically attractive for commercial wastewater 
treatment applications.  
 
Easy operation and control over processing parameters, such as applied voltage, solution feed 
rate, temperature and humidity, makes electrospinning an efficient method for fabricating and 
optimising membranes. Increasing the temperature or voltage during electrospinning produces 
fibres with smaller diameters, while increasing the feed rate produces beaded fibres with larger 
diameters (Ashraf et al., 2019). However, increasing the temperature and voltage both increase 
power consumption costs for membrane fabrication.  
 
Electrospinning is further disadvantaged by low throughput and variable reproducibility 
(Kenry & Lim, 2017). Maximum nanofiber production capacity of industrial scale 
electrospinning equipment is currently less than 10 kg per day (Persano et al., 2013). Increased 
production may be achieved by operating multiple industrial electrospinning machines for 
membrane manufacturing in parallel, however, capital costs and facility size constraints is a 
major limitation for scaling membrane production for commercial wastewater treatment 
application. 
 
2.3.2.4. Fabricating mixed matrix membranes (MMM)  
Mixed matrix membrane fabrication is an extension of conventional membrane fabrication 
techniques that offers unlimited final membrane possibilities due to the wide variety of 
nanoparticle that can be incorporated. Metal organic frameworks (MOFs), nanosized metal 
oxides (NMOs) and carbon nanotubes are some of the most commonly used nanoparticles for 
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preparing MMMs due to offering improved mechanical, electrical and metal binding properties 
(Guillen et al., 2011).  
 
Metal organic frameworks (MOFs) and nanosized metal oxides (NMOs) are often synthesized 
by solvothermal-hydrothermal methods, which involves mixing reactants and solvents in a 
closed vessel at high temperature and pressure (Goh & Ismail, 2018). MOFs are self-assembled 
through strong coordination bonds between metal ions and organic ligands to produce porous 
polymer networks, while NMOs are formed by chemical precipitation of metal ions in alkaline 
solutions (Feng et al 2018; Ashik et al 2018). Carbon nanotubes (CNTs) are mainly prepared 
by chemical vapour deposition (CVD), which is a thermal dehydrogenation process where 
hydrocarbon vapour is decomposed into carbon atoms. The carbon atoms are then assembled 
into carbon nanotubes by transition metal catalysts. A detailed mechanistic description of 
MOF, NMO and CNT synthesis approaches is beyond the scope of this review. The reader is 
instead referred to the following reviews for more comprehensive summaries on synthesising 
MOFs (W. Li, 2019), NMOs (Ashik, Kudo, & Hayashi, 2018) and CNTs (D. Ma et al., 2017).   
 
Direct deposition and in situ self-assembly are the main approaches for integrating 
nanoparticles into mixed matrix membranes (MMMs) (Lofrano et al., 2016). Direct deposition 
refers to the integration of pre-assembled nanoparticles into a polymer matrix or onto a polymer 
substrate, while in situ synthesis refers to the self-assembly of nanoparticles on membranes via 
successful reactions between nanoparticle precursors (Feng et al., 2018). Direct deposition and 
in situ self-assembly may be repeated multiple times to produce MMMs with sequential 
nanoparticle containing layers, which is referred to as layer-by-layer (LBL) assembly (Yin, 
Wang, Wang, & Li, 2016). Preparing MMMs with additional functional layers increases the 
number of nanoparticles available for selective metal binding and decreases the void size in the 
polymer matrix, which can be used to convert ultrafiltration membranes into materials capable 
of nanofiltration (Wang et al., 2017; Zhao et al., 2015). However, LBL assembly is 
disadvantaged by extended preparation times and the consumption of large quantities of 
reactants. To overcome these drawbacks, spray coating LBL techniques have been proposed 
as a more efficient way to deposit consecutive layers on the membrane (D. Ma et al., 2017). 
By ejecting a polymer solution through a spray gun attached to an electrospinning machine, 
Kim et al. (2018) demonstrated a facile method for producing thin selective layers over a 
polymer support (Kim et al., 2018). 
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Large scale production of MMMs still remains a significant challenge (Goh & Ismail, 2018). 
Recently developed rapid MOF synthesis approaches that can be conducted at room 
temperature are promising for scaling up MOF-based MMM synthesis due to the reduced 
thermal energy requirements (Gao et al., 2018; Goh & Ismail, 2018). However, in situ synthesis 
of MOF based MMMs often involves immersing membranes in bulk solutions of nanoparticle 
precursors, which results in wastage of expensive linker reagents and generates contaminated 
wastewater that is harmful to the environment (W. Li, 2019). Additionally, concerns 
surrounding the leakage of nanoparticles from MMMs means that long-term membrane 
stability needs to be closely monitored (R. Das, Leo, & Murphy, 2018; T. Li et al., 2018).   
 
2.3.2.4.1. Direct deposition for preparing MMMs 
Direct deposition approaches are attractive for preparing MMMs because they are relatively 
simple to perform and often do not require any specialist equipment. Additionally, direct 
deposition enables MMMs to be prepared using a wider range of nanoparticles than in situ 
synthesis approaches. For example: CNTs cannot be in situ synthesised on polymer membranes 
because the high temperatures (600 – 1200 °C) required to form CNTs would destroy polymer 
membranes (Shah et al., 2013). Therefore, MMMs containing CNTs must be prepared by direct 
deposition. However, direct deposition approaches for preparing MMMs often encounter 
issues with nanoparticle aggregation and dispersion (Lofrano et al., 2016; D. Ma et al., 2017; 
J. Zhang et al., 2010). Mungodori et al. (2018) directly deposited titanium oxide (TiO2) 
photocatalytic nanoparticles into a PMMA-g-PVDF active layer, which was coated over a PAN 
active layer and used to remove Fe3+ and Pb2+ from wastewater. However, TiO2 nanoparticles 
aggregated upon increasing the concentration of TiO2 nanoparticles from 1% to 3%, which 
resulted in a reduction in metal removal efficiency during wastewater treatment (Mungondori 
et al., 2018). 
 
Agglomeration often occurs due to electrostatic interaction between opposite charges on 
nanoparticles (D. Ma et al., 2017). To prevent agglomeration, nanoparticles can be coated with 
molecules that possess the same type of charge (i.e., positive or negative), which increases 
repulsion between nanoparticles. Wei et al. (2018) demonstrated that coating ZIF-8 with 
graphene oxide (GO) could also reduce nanoparticle agglomeration. The resulting ZIF-8@GO 




2.3.2.4.2. In situ self-assembly for preparing MMMs 
In situ self-assembly can minimize nanoparticle aggregation by pre-seeding membranes with 
nanoparticle precursors, which restricts nanoparticle synthesis to certain regions of the 
membrane (R. Zhang et al., 2014). Furthermore, self-assembly of nanoparticles on the 
membrane means that nanoparticles do not need to be dried and collected before preparing 
MMMs. This minimizes the number of steps required to prepare MMMs. 
 
Metal ions are typically preloaded onto membrane within a seeding solution as nanoparticle 
precursors. Solutions containing precipitating ions (OH- and S2
-) or dissolved ligands are then 
coated over the metal ions to in situ self-assemble NMOs or MOFs, respectively (Lofrano et 
al., 2016). Bae et al. (2003) introduced titanium ions onto polyethersulfone (PES) membranes 
so that a continuous layer of photocatalytic TiO2 nanoparticles could be self-assembled via 
chemical precipitation. Under UV irradiation, the photocatalytic TiO2 nanoparticles provided 
the membranes with antimicrobial properties and self-cleaning capabilities (Bae & Tak, 2005). 
Additionally, Wang et al. (2019) in situ synthesized ZIF-8 nanoparticles within a PSS active 
layer on a hydrolysed PAN membrane and showed that this could remove 90% of Pb2+ from 
aqueous solution (Y. Wang et al., 2019). However, in situ self-assembly is known to be a 
challenging task due to the poor heterogeneous nucleation sites on membrane substrates (Goh 
& Ismail, 2018). Also, additional membrane pre-treatment steps are often required for 
modifying membrane substrates with carboxyl (COO-) and sulfonate (SO3
-) groups to provide 
heterogeneous sites for nanoparticle loading, which increases manufacturing complexity.  
 
2.4. Conclusion 
This review provides an overview of water treatment techniques, including chemical 
precipitation, adsorption and membrane filtration (ultrafiltration (UF), nanofiltration (NF) and 
reverse osmosis (RO)), and discusses their performance for removing heavy metals from 
industrial wastewater. A wide range of adsorbent materials for removing heavy metals from 
solution were discussed. Due to offering facile operation, compact size and attractive pollutant 
removal performances, membrane technologies were explored in more detail for removing 
metals from wastewater. The properties of the most popular polymers for preparing membranes 
were discussed. Furthermore, commonly explored methods (including phase inversion, 
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interfacial polymerisation and electrospinning) for processing polymers into membranes were 
described.  
 
It is clear that mixed matrix membranes (MMMs), which combine the metal binding adsorption 
properties nanoparticles with the permeability, stability and easy processability of polymers, 
can selectively remove metals from highly polluted wastewaters. However, metal removal and 
transport of water through MMMs are typically inhibited by nanoparticle aggregation on the 
membrane surface. Therefore, developing approaches that overcome issues with nanoparticle 
aggregation on MMMs presents an attractive opportunity for treating metal contaminated 
wastewater produced by different industries. Furthermore, approaches that reduce the cost and 
complexity of preparing MMMs will be needed in order to produce commercially viable 
MMMs.  
 
2.5. Research Gap 
 
Companies are required to remove heavy metal ions and other pollutants from wastewater 
generated from their activities to below concentration limits specified by local regulatory 
bodies. Ideally, wastewater treatment must be achieved using cost-effective methods. 
Conventional wastewater treatment methods include chemical precipitation, electrochemical 
precipitation, adsorption, and membrane filtration.  
 
Industry wastewater streams that are polluted with heavy metals typically have low pH levels 
and high concentrations of co-existing ions in solution, which makes them difficult to treat 
using conventional wastewater treatment methods. Low pH levels the chemical reactivity of 
heavy metals in solution and can degrade materials commonly used in conventional 
wastewater treatment technologies. On the other hand, high concentrations of co-existing ions 
in solution disrupt heavy metal removal by conventional methods through many off-target 
interactions, such as blocking membrane pores during filtration, competitively binding to 
adsorbents, and precipitating out reactants used during chemical precipitation.  
 
Currently, a major research gap exists for developing methods for removing heavy metals 
from highly polluted wastewater that can tolerate low pH conditions and selectively bind 
heavy metals in the presence of competing ions, while also being cost and energy efficient. 
Also, despite many studies showing promising heavy metal removal performance in 
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experimental solutions using various treatment methods, few studies in the literature on 
removing heavy metals from highly polluted real wastewater streams could be found in the 
literature at the time of writing. 
 
The pH conditions for a wastewater solution affect heavy metal removal during wastewater 
treatment by controlling the speciation state of ions in solution. Metal ions typically exist as 
dissolved nanosized ions at low pH levels and form solid complexes with ions in solution 
(H3O
+ and OH-) when the pH is raised to certain levels.  
 
Chemical precipitation and electrochemical precipitation both take advantage of these 
speciation properties to remove dissolved heavy metal ions from solution. However, 
removing high concentrations of heavy metal ions from solution by chemical precipitation 
requires large quantities of chemical reactants, while metal removal from solution by 
electrochemical precipitation consumes large amounts of power. As a result, heavy metal 
removal using chemical precipitation and electrical precipitation can be expensive. 
 
Dissolved metal ions can also be removed from solution using membranes with pore sizes 
that are smaller than the metal ion diameter (i.e. membranes with pores in the nano-size 
range). Membrane filtration can be used to efficiently treat large volumes of wastewater on-
site using compact membrane modules, which is why it is the most popular water treatment 
method. However, many membrane materials cannot tolerate  solutions with low pH 
conditions and can get fouled easily in highly contaminated solutions.  
 
Adsorbent materials can remove dissolved heavy metal ions from solutions using one or a 
combination of physical and chemical interactions. Adsorption is recognised as a facile and 
cost-effective method for removing heavy metals from wastewater. However, selecting 








Various researchers have achieved exceptional metal removal performances with metal 
organic framework (MOF) based adsorbents. Zeolitic imidazolate framework (ZIF-8) is a 
type of MOF that has been used to remove 800 mg/g  of copper ions from solutions in acidic 
conditions (pH 2.5 – 3.0), which is around four times greater than current commercially 
available ion-exchange materials (Li et al.,  2018, Zhang et al., 2014). Additionally, ZIF-8 
has been demonstrated to selectively remove Ni2+ from solutions containing 1000 mg/g of co-
existing Na+ ions.  
 
Due to displaying strong copper binding properties, high selectivity towards heavy metal ions 
and good pH tolerance, ZIF-8 was investigated for removing copper from real-life industrial 
wastewater generated by Mint Innovation’s biorefinery in New Zealand. The current study 
sought to optimise ZIF-8 stability and copper binding by combining ZIF-8 with polymers, 
such as chitosan and PSS, forming ZIF-8@chitosan and ZIF-8@PSS composites. Finally, this 
study sought to evaluate approaches for applying ZIF-8 composites in on-site wastewater 





















3. Study design of the current project 
 
3.1. Wastewater produced by Mint Innovation’s precious metal recovery 
process 
The pollutant composition in wastewater produced by Mint Innovation varies due to 
differences in waste electronic device feedstocks, chemical leaching agents used during 
recycling, and pre-treatment methods. Therefore, pollutant removal was analysed in two 
different wastewaters produced by Mint Innovation. A summary of the wastewater streams 
from Mint Innovation that were analysed in the current study is displayed in Table 6.  
 
Table 6. Characterisation of wastewater streams produced by Mint Innovation’s biorefinery  
Wastewater pollutants Auckland Trade 
Waste limit  
Waste-stream A  Waste-stream B  
 mg/L mg/L mg/L 
Cu  10 705.08 169.01 
Zn  15 43.94 9.43 
Fe  - 39.82 3.63 
Al  - 426.14 348.06 
Ca  60 14,506.73 1,062.48 
Cl  - 12,000 4,485 
 pH pH pH 
Acidity/alkalinity 6.0 - 10.5 3.6 0.7 
Acceptable limits for safely discharging pollutants into Auckland’s public wastewater system were included in 
the table, based on the discharge limits outlined in Auckland City Trade-Waste Control 2019 (Watercare, 
2019). 
 
3.2. Copper removal from wastewater with ZIF-8 
Metal organic frameworks (MOFs) are a class of crystalline porous materials that consist of 
metal ions coordinated to organic ligands (T. Li et al., 2018). MOFs gained interest as 
promising adsorbent materials for selectively removing pollutants from wastewater due to their 
structural tunability and well-defined pore structures (J. Li et al., 2020; T. Wu, Prasetya, & Li, 
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2020). MOFs typically display superior adsorption capacities due to possessing extremely large 
internal surface areas (ranging from 1000 to 10,000 m2.g-1) (J. Li et al., 2018). Adsorbents with 
high adsorption capacities can used in wastewater treatment at lower doses than adsorbents 
with comparatively lower adsorption capacities due to removing more pollutants per gram 
(Esfahani et al., 2019). Therefore, it was believed that MOFs with high adsorption capacities 
could minimise the quantity of sludge generated during wastewater treatment by using lower 
concentrations of adsorbents to remove pollutants. MOFs were therefore considered as suitable 
candidates for treating wastewaters from Mint Innovation’s processes.  
 
Zeolitic imidazolate framework-8 (ZIF-8) is one of the most studied types of MOFs due to its 
exceptional chemical and thermal stability (Xiaoxiao Fan et al., 2017; J. Li et al., 2020; Tanaka, 
Nagaoka, Yasuyoshi, Hasegawa, & Denayer, 2018). Zhang and co-workers recently reported 
that ZIF-8 has a Cu2+ adsorption capacity of 800 mg/g (Y. Zhang et al., 2016), which is around 
four times greater than current commercially available metal-sulphide ion exchange resins (J. 
Li et al., 2018). Additionally, ZIF-8 is strongly stable in the presence of interfering anions (Cl-, 
NO3
- and SO4
2-). Furthermore, ZIF-8 has been reported to selectively remove nickel ions from 
high salinity wastewater (Na+ concentration = 1000 mg/L) (T. Li et al., 2018).  
 
However, ZIFs typically aggregate in solution due to interaction between the positively 
charged zinc centres of the framework with negatively charged imidazolate groups of nearby 
ZIFs (Beh et al., 2020). As a result, binding sites at the interface between aggregating particles 
are prevented from capturing pollutants in wastewater (Abdullah et al., 2019). Attaching 
polymers to the ZIF-8 structure can prevent aggregation by repelling nearby ZIF-8 molecules 
carrying the same charge (L. Wang et al., 2015; Zhu et al., 2017). Specifically, chitosan and 
polysodium (4-styrene sulfonate) (PSS) have been reported to successfully minimise ZIF-8 
aggregation (Beh et al., 2020; L. Wang et al., 2015; Yao, Chen, Wang, & Wang, 2013; Zhu et 
al., 2017). Therefore, ZIF-8@chitosan and ZIF-8@PSS composites were prepared in the 
current project to minimise aggregation and improve wastewater treatment.  
 
In the present study, the adsorption capacity of ZIFs was first investigated in idealised solutions 
containing Congo Red (CR) dye. CR dye removal from wastewater was analysed to investigate 
the functionality of ZIFs because ZIFs are known to adsorb CR dyes (C. Jiang, Fu, Cai, & Cai, 
2016; Y. Wang et al., 2019). Also, ZIFs-CR interactions can be performed quickly and cheaply. 
While investigating copper removal during adsorption with ZIFs was the primary objective for 
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the current project, detecting copper removal from wastewater is costly because expensive 
analytical equipment is needed (i.e., AAS, ICP-OES, or ICP-MS). On the other hand, dye 
removal during adsorption with ZIFs can be rapidly detected using an inexpensive UV 
spectrophotometer instrument. Failing to achieve expected CR removal during adsorption with 
ZIFs could suggest that a problem was encountered during ZIF preparation, analysis or in both. 
In short, gathering evidence for the functionality of ZIFs during CR adsorption experiments 
minimized the risk of money being wasted on unsuccessful copper adsorption experiments. 
 
Despite being able to identify functional ZIFs, dye adsorption cannot predict copper adsorption 
behaviour due to the difference in chemical and physical properties between dye and metal 
ions. To identify whether ZIFs were suitable adsorbents for removing copper from wastewater 
produced by Mint Innovation’s biorefinery, ZIFs that displayed successful CR adsorption were 
investigated in idealised copper solutions.  
 
By controlling the chemical composition in idealised solutions, the effect of different 
wastewater conditions (i.e. initial Cu2+ concentration, pH and co-existing ions) on copper 
removal by ZIFs could be analysed individually to predict the behaviour of ZIFs during 
adsorption in real-life wastewater solutions. While idealised solutions provide a useful 
indication of ZIF behaviour during adsorption, mixed pollutant species in real-life wastewaters 
may interact with ZIFs unexpectedly due synergetic and antagonistic effects. Therefore, copper 
adsorption by ZIFs was investigated in real-life wastewater streams produced by Mint 
Innovation’s biorefinery. 
 
3.3. MMMs containing metal organic frameworks (MOFs) for wastewater 
treatment – ZIF-8 coated nylon ultrafiltration (UF) membranes 
Discussed in this section are the reasons for the choice of adsorbent material for treating 
wastewaters from Mint Innovation’s biorefinery. Recovering freely suspended ZIFs after 
successful pollutant binding can be difficult due to their small size which enables them to easily 
pass through the pores of filters used to separate adsorbents from wastewater (Esfahani et al., 
2019; Savage & Diallo, 2005). As a result, ZIFs loaded with high concentrations of pollutants 
may be released back into the environment (Abdullah et al., 2019; Seyedpour, Rahimpour, & 
Najafpour, 2019). Therefore, ZIFs must be immobilized onto suitable substrate materials to 
prevent aggregation and environmental release during wastewater treatment. 
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Through consultation with Mint Innovation, it was determined that membrane sheets would be 
the most suitable supporting material for immobilizing ZIFs to treat wastewater at their 
biorefinery. Various membrane configurations (i.e. flat sheet, spiral wound and hollow fibre) 
can be employed to enhance the effective treatment area of membranes, without increasing the 
dimensions of the filtration unit itself (Pal, 2017). This allows membranes to efficiently treat 
large volumes of wastewater on-site using compact filtration units. On-site wastewater 
treatment is an economically attractive approach for Mint Innovation’s biorefinery because it 
minimises the costs associated with transporting wastewater to external facilities.  
 
Membrane technologies are also highly scalable (Savage & Diallo, 2005). Increasingly larger 
volumes of wastewater will be produced by Mint Innovation upon scaling their e-waste 
processing operations, and this demands a scalable wastewater treatment approach. By simply 
fitting additional compact membrane units on-site in parallel, Mint Innovation would be 
capable of treating growing volumes of wastewater without needing to sacrifice large areas of 
space at their facilities. 
 
Polymer membranes dominate the water filtration market due to their versatility, cost 
effectiveness and stability (Galiano et al., 2018). However, as discussed earlier, conventional 
polymeric membranes suffer from a trade-off between permeability and selectivity (Goh & 
Ismail, 2018). Increasing the selectivity of conventional membranes towards small dissolved 
metal ions requires extremely small membrane pores. As a result, membrane permeability 
decreases and more pressure is required to transport water through the membrane, which 
increases power consumption and operation costs. The permeability-selectivity trade off faced 
by conventional membranes can be overcome by combining them with suitable nanoparticles, 
which are referred to as mixed matrix membranes (MMMs, see Section 2.3.1.9). MOF 
nanoparticles are particularly attractive for developing MMMs due to their high compatibility 
with polymeric materials, a property attributed to interactions between the organic ligands in 
MOFs with membrane polymer chains (X. Li et al., 2017; G. Wang et al., 2017). However, 
MMMs containing MOFs have not been commercialised, despite nearly a decade of research 
(Esfahani et al., 2019). Problems with MMMs reported in the literature include aggregation, 
formation of invalid particle-polymer interfaces, wastage of reactants and incompatibility with 
large scale production (J. Li et al., 2018; W. Li, 2019). Therefore, the current study sought to 
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investigate problems and opportunities for MMMs by attaching ZIF-8 nanoparticles onto 
polymer membranes.  
 
Preparing polymer membrane support layers with well-defined properties is a complex process 
that requires highly controlled experimental conditions. To investigate the industrial 
application of ZIF coated MMMs in the timeframe of a Master’s program (1 year), it was 
thought not be feasible to prepare substrate membranes and functionalise them with ZIF 
nanoparticles. Moreover, commercial membranes have well defined pore sizes and flow rate 
properties, which is advantageous for maintaining consistency across each of the support layers 
used for ZIF attachment (Brown et al., 2012; Warsinger et al., 2018). Therefore, suitable 
commercially available membranes were selected as substrates for ZIF-8 attachment.  
 
As discussed in Section 2.2.3.1 ultrafiltration (UF) is a more cost and energy efficient approach 
than reverse osmosis (RO) and nanofiltration (NF) because less pressure is required to transport 
water through the larger membrane pores (Abdullah et al., 2019; T. Li et al., 2018). Due to 
possessing enhanced membrane permeability, UF membranes were selected in the present 
study as a membrane support for attaching ZIF-8 nanoparticles.  
 
Suitable commercial membrane materials for developing ZIF-8 coated MMMs to treat Mint 
Innovation’s wastewater must have good mechanical strength, tolerate high oxidising 
conditions (Cl- > 4000 mg/L) and maintain stability in pH 1 – 4 solutions. Unfortunately, it 
was not possible to obtain commercially available membranes that were suitable for 
withstanding the high chlorine conditions in Mint Innovation’s wastewater. Polyacrylonitrile 
(PAN) was originally selected as a suitable membrane material due to its strong resistance to 
oxidising conditions (Guillen et al., 2011; Karmakar et al., 2018). However, commercially 
available PAN membranes of a suitable size for lab scale wastewater treatment experimentation 
could not be obtained. Nylon membranes were selected as an alternative supporting layer for 
investigating ZIF-8 attachment because they could be easily procured. It must be noted that 
nylon membranes are susceptible to degradation by chlorine (Al-Abri et al., 2019), which 
means they would not be suitable for developing a final ZIF-8 coated membrane product for 
treating Mint Innovation’s wastewater. Despite this challenge, nylon membranes were 
employed in the current project to study the feasibility of attaching ZIF-8 onto a membrane 
support via two popular approaches 1) direct deposition, and 2) in situ self-assembly.   
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Of the ZIFs (ZIF-8, ZIF-8@chitosan and ZIF-8@PSS) investigated during batch adsorption in 
the current study, only one ZIF was required to investigate the feasibility of direct deposition 
and in situ self-assembly for preparing ZIF-8 coated MMMs. Promising dye and heavy metal 
removal has been reported with MMMs containing ZIF-8@PSS (Zhang et al 2014; Wang et al 
2019; Zhu et al 2016). Therefore, in the current study, ZIF-8@PSS coated MMMs were 
prepared to investigate the feasibility of the direct deposition and in situ self-assembly MMM 
preparation approaches.  
 
Nylon substrate membranes were first separately pre-treated via hydroxylation, corona-air 
plasma treatment and chlorination to increase membrane surface reactivity for ZIF-8@PSS 
attachment. Direct deposition was selected for preparing ZIF-8@PSS functionalised 
membranes because it is a facile approach that does not require any specialist equipment (W. 
Li, 2019). However, ZIF-8@PSS nanoparticles in solution are prone to aggregation, which can 
lead to uneven dispersion on membranes, blocked membrane pores, and poor separation 
performance (Goh & Ismail, 2018; R. Zhang et al., 2014).  
 
To prevent the formation of ZIF-8@PSS aggregates on membranes, Zhang et al. (2014) 
developed an in situ self-assembly approach that involved attaching Zn2+ to carboxyl sites on 
the membrane prior to synthesising ZIF-8@PSS. In situ self-assembly refers to the 
simultaneous synthesis of a ZIF-8@PSS active layer by coordination between Zn2+ on the 
membrane with 2-methylimidazole and PSS (G. Wang et al., 2017; R. Zhang et al., 2014). Due 
to the repeating nature of the polyamide units that form the nylon membrane, the Zn2+ sites for 
ZIF-8@PSS synthesis are believed to exist at relatively uniform distances from each other, 
which was hypothesized to minimize ZIF-8@PSS aggregation on the membrane surface during 









4. Materials and methods 
4.1. Materials 
Zinc(II) nitrate hexahydrate (Zn(NO3)2.6H2O; CAS no.: 10196-18-6, Sigma-Aldrich, USA), 2-
methylimidazole (Hmim; CAS no.: 693-98-1, Sigma-Aldrich, USA), methanol (CH3OH; 
Univar) were used to prepare ZIF-8. Glacial acetic acid (CH3COOH; CAS no.: 64.19.7), 
sodium formate (HCOONA; Merck, Germany) and chitosan (CAS no.: 9012-76-4, Sigma-
Aldrich, USA), were added to the ZIF-8 reaction mixture to prepare ZIF-8@chitosan. 
Poly(sodium 4-styrenesulfonate) (PSS; CAS no.: 25704-18-1, Sigma-Aldrich, USA) with an 
average molecular weight of 1000 kDa was added to the ZIF-8 reaction mixture to prepare ZIF-
8@PSS. Congo Red (CR; C.I. no.: 22120, The British Drug House), copper (II) nitrate 
(Cu(NO3)2.3H2O; Merck, Germany) calcium nitrate tetrahydrate (Ca(NO3)2.4H2O; CAS no.: 
13477-34-4, AnalaR, England) and sodium chloride (NaCl; Sigma-Aldrich) were used to 
prepare idealised wastewater solutions for analysing adsorption by ZIFs. Real-life wastewater 
used for adsorption experiments was obtained from Mint Innovation’s biorefinery in Auckland, 
New Zealand. Sodium hydroxide (NaOH; Sigma-Aldrich) and hydrochloric acid (HCl; Sigma-
Aldrich) were used to adjust the pH of idealised wastewater. Nylon ultrafiltration membranes 
(Merck, Germany) with a pore size of 0.2 µm and diameter of 47 mm were used as supporting 
layers for attaching ZIF-8 and ZIF-8 composite particles. NaOH (Sigma-Aldrich) and sodium 
hypochlorite (NaOCl; Value, New Zealand) were used to hydrolyse and chlorinate membrane 
support layers, respectively.  
 
4.2. Equipment 
A GPR 8000 RPM centrifuge (Beckman, California, USA) was used to separate ZIF-8 and 
ZIF-8 composite crystals from solution. A Thelco Model 19 vacuum oven (Precision Scientific, 
Coimbatore, India) was used to dry ZIF crystals. A Bruker Alpha-II Fourier transform infrared 
spectrometer (Bruker, Massachusetts, USA) equipped with a diode laser was used for 
measuring spectra. An Elmasonic S40H sonicating water bath was used to minimise particle 
aggregation prior to particle size measurement. A Malvern Zetasizer Nano S90 (Malvern 
Panalytical, Worcestershire, UK) was used to measure the particle size of ZIF-8 and ZIF-8 
composites. Absorbance values for 96-well plates were recorded with a Bio-Tek Synergy 2 
plate reader (Biotek, Vermont, USA) to analyse dye adsorption. An Agilent 7500cs Quadrupole 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (Agilent, California, USA) 
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equipped with a dual hydrogen reaction/helium collision cell was used to measure heavy metals 
in solution during adsorption from idealised solutions. An Agilent 4210 microwave plasma 
atomic emission spectrometer (MP-AES) (Agilent, California, USA) was used to measure 
heavy metals in solution during adsorption in wastewater from Mint Innovation’s biorefinery. 
An Electro-Technic BD20-AC (Electro-Technic Products, Illinois, USA) handheld corona 
treater was used during membrane pre-treatment. Scanning electron microscope (SEM) 
micrographs of samples were acquired with a Tabletop Microscope TM3030 (Hitachi, Japan). 
Before SEM imaging, samples were coated with 5 nm gold palladium using a Q150T sputter 
coater (Quorum Technologies Ltd, East Sussex, UK). Membrane surface water contact angle 
(CA) measurements were conducted using a FTA200 goniometer (First Ten Angstroms, 
California, USA) equipped with an Appro BV-7105H video camera (Appro, New Taipei City, 
Taiwan). Continuous filtration experiments were conducted with a custom built dead-end 
filtration module. The dead-end cell configuration consisted of a Masterflex peristaltic pump 
(Cole-Parmer, Illinois, USA) equipped with a Model 70 pump head (Cole-Parmer, Illinois, 
USA) to feed the solution through the membrane and control flow rate, a Duotight in-line 
regulator (KegLand, Victoria, Australia) at the inlet of the membrane module for analysing the 
pumping pressure, a Swinnex membrane filter holder (Merck, New Jersey, USA) made from 
polypropylene (PP) with a 47 mm diameter, and a Sartorius E5500S digital balance (Sartorius, 
Karnataka, India) for measuring the permeate mass. The dead end filtration module assembled 






Figure 7. Dead end filtration module for analysing continuous filtration with ZIF-8@PSS coated 
membranes.   
The custom-made filtration unit consisted of i) CR solution, ii) magnetic stirrer, iii) peristaltic pump fitted with 
pump head, iv) in-line pressure regulator, v) membrane filter holder, vi) membrane, vii) digital balance. 
 
4.3. Synthesis of ZIF-8 and ZIF-8 composites  
4.3.1. ZIF-8 synthesis  
ZIF-8 crystals were prepared according to published procedures (Denny Jr & Cohen, 2015; Y. 
Gao et al., 2018). Briefly, Zn(NO3)2.6H2O and 2-methylimidazole (Hmim) were separately 
dissolved in methanol. Then the Zn(NO3)2.6H2O solution and Hmim solution were mixed 
together vigorously for 24 hrs with a magnetic stirrer/bar at high speed in closed vessels. Solid 
ZIF-8 was then separated from the suspension by centrifuging for 10 minutes at 12,500 RCF, 
followed by removal of supernatant solvent. The resulting solid was then washed with 
methanol at least three times, centrifuged and separated from the solvent. The collected solid 
was then dried in a vacuum oven at 75 ºC overnight.  
 
4.3.2. ZIF-8@chitosan synthesis  
ZIF-8@chitosan crystals were prepared according to the procedure published by Yao and co-
workers (Yao et al., 2013). Typically, Zn(NO3)2.6H2O and various concentrations of chitosan 
were dissolved in 2% acetic to form a Zn-chitosan solution. Also, various concentrations of 2-
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methylimidazole were dissolved in a sodium formate (1.4 M) solution. The Zn-chitosan was 
then poured into the 2-methylimidazole solution. As per the procedure for ZIF-8 synthesis, the 
mixed solutions were then stirred for 24 hours, centrifuged, washed and dried overnight. 
 
4.3.3. ZIF-8@PSS synthesis 
Similar to the procedure for preparing ZIF-8, Zn(NO3)2.6H2O and 2-methylimidazole were 
separately dissolved in 75 vol% methanol diluted in water. Additionally, PSS was separately 
dissolved in 75 vol% methanol-water. The PSS solution was then mixed with 2-
methylimidazole solutions, which were both finally poured into Zn(NO3)2.6H2O solutions. As 
per the procedure for ZIF-8 synthesis, the mixed solutions were then stirred for 24 hours, 
centrifuged, washed and dried overnight. 
 
4.3.4. Summary of ZIF-8 and ZIF-8 composite synthesis conditions  
ZIFs were synthesised with various Zn:Hmim ratios (1:6 – 1:10) and polymer concentrations 
(1.5 – 3.0 wt%) to investigate the effect of different ZIF preparation conditions on the 
adsorption performance that can be achieved by ZIFs. The reactant concentrations explored for 
synthesising ZIF-8, ZIF-8@chitosan and ZIF-8@PSS in the current study are summarised in 
Table 7, Table 8 and Table 9, respectively. 
 
Table 7. Reactant concentrations for ZIF-8 synthesis.  
Name Zn:Hmim ratio Zn(NO3)2.6H2O 
(mol/l) 
Hmim (mol/l) 
ZIF-8 1:6 (Zn:Hmim) 1 to 6 0.05 0.3 
ZIF-8 1:8 (Zn:Hmim) 1 to 8 0.05 0.4 
ZIF-8 1:10 
(Zn:Hmim) 
1 to 10 0.05 0.5 





















1 to 6 0.05 0.3 3.0% 
ZIF-8@Chit 1:8 
(Zn:Hmim) 
1 to 8 0.05 0.4 3.0% 
ZIF-8@Chit 1:10 
Zn:Hmim 
1 to 10 0.05 0.5 3.0% 
ZIF-8@Chit (1.5 
wv%) 
1 to 8 0.05 0.4 1.5% 
ZIF-8@Chit (4.5 
wv%) 
1 to 8 0.05 0.4 4.5% 
Zn(NO3)2 and chitosan were dissolved in 2% acetic acid, while Hmim was dissolved in 1.4 M sodium formate. 
The Zn-chitosan and Hmim solutions were then mixed together for 24 hours. 
 





Hmim (mol/l) PSS (wv%) 
ZIF-8@PSS 1:6 
(Zn:Hmim) 
1 to 6 0.05 0.3 3.0% 
ZIF-8@PSS 1:8 
(Zn:Hmim) 
1 to 8 0.05 0.4 3.0% 
ZIF-8@PSS 1:10 
Zn:Hmim 
1 to 10 0.05 0.5 3.0% 
ZIF-8@PSS (1.5 
wv%) 
1 to 8 0.05 0.4 1.5% 
ZIF-8@PSS (4.5 
wv%) 
1 to 8 0.05 0.4 4.5% 
The reactants were separately dissolved in 75 vol% methanol and then mixed together for 24 hours. 
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4.4. Structural, physical and chemical characterization of ZIF-8 composites  
4.4.1. Fourier-transform infrared spectroscopy (FTIR) 
For Fourier transform infrared spectroscopy (FTIR) analysis, spectra were measured over a 
wavelength range from 1800 to 400 cm-1 with a resolution of 4 cm-1. The final spectrum was 
the mean of 11 scans. The spectra were analysed using OPUS software (version 8.1, Bruker, 
Massachusetts, USA). 
 
4.4.2. Dynamic light scattering (DLS) 
Dynamic light scattering was measured with a Malvern Zetasizer Nano S90 to determine the 
particle size of ZIF-8 and ZIF-8 composites. Each sample was diluted 1000 times to minimise 
the effect of multiple scattering effects on particle size measurements (Beh et al., 2020). Before 
particle size measurement, samples were sonicated at an ultrasonic frequency of 37 kHz for 10 
minutes in a sonicating water bath and analysed immediately afterwards. To calculate particle 
size of ZIF-8 and ZIF-8 composites, each sample was measured three times per run at 20ºC in 
backscattering detection mode with the laser beam angle set at 173º. The average particle size 
was determined from three DLS runs. 
 
4.5. Batch adsorption with ZIF-8 and ZIF-8 composites in idealised solutions 
4.5.1. Dye adsorption 
A Congo Red (CR) stock solution with a concentration of 1 g/l was prepared by mixing dye 
powder in RO water. The stock CR solution was diluted to 100 mg/L in RO water for 
subsequent experiments. The initial pH of CR solution was adjusted to pH 6.5 using 0.1 M HCl 
and 0.1 M NaOH. 
 
Initially, a wavelength scan was conducted on the CR solutions to determine the absorbance 
maximum, which corresponds to the wavelength for the most accurate and precise absorbance 
measurement because it minimises the effect of sudden changes in the spectral profile (Gil, 
Escolar, Iza, & Montero, 1986). This demonstrated that the most appropriate wavelengths for 
accurately detecting absorbance by CR was 490 nm. A standard curve for CR was also 
constructed, as displayed in Appendix B. The molar adsorption co-efficient for CR was then 
obtained from the gradient of the standard curve. After measuring the absorbance of CR 
samples during adsorption, the molar absorption co-efficient and absorbance values for CR 
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could be substituted into the Beer Lambert equation to determine the concentration of CR 
remaining in each sample. 
 
For adsorption experiments, 25 mg of ZIF-8 or ZIF-8 composites were added separately into 
100 mL of CR solutions at pH 6.5. The solutions were then stirred with a magnetic bar and 
samples were collected at set time intervals. Each sample was centrifuged for 1 minute at 
10,000 RPM to concentrate solids. The CR solutions were diluted 10-fold and the absorbance 
of each solution was measured via UV spectroscopy using a 96 well plate reader. The 
concentration of dye remaining in solution at each time point was then calculated using the 
Beer Lambert equation. 
 
4.5.2. Copper adsorption 
A stock Cu2+ solution with a concentration of 1 g/l was prepared by dissolving Cu(NO3)2.3H2O 
into RO water. The stock solutions were diluted in RO water for subsequent experiments. The 
initial pH of the Cu2+ solutions was adjusted using 0.1 M NaOH.  
 
In a typical copper adsorption test, 25 mg of ground ZIF-8 or ZIF-8 composite powder were 
added into beakers containing 100 mL of Cu(NO3)2.3H2O solutions (Cu
2+ = 60 mg/L) at pH 
6.5. The solutions were then stirred with a magnetic bar and samples were collected at set time 
intervals. Each sample was centrifuged for 1 minute at 10,000 RPM to concentrate solids. The 
remaining heavy metals in solution were detected on an inductively coupled plasma mass 
spectrometer (ICP-MS) by the Centre for Trace Element Analysis at the University of Otago. 
The amount of copper adsorbed was calculated by measuring the difference between initial or 
final (or time t) concentrations. 
 
To determine if Cu2+ adsorption by ZIF-8 and ZIF-8 composites is affected by different 
conditions, copper adsorption tests were conducted with a range of time intervals (0-20 hour), 
initial Cu2+ levels (0.5 - 500 mg/L) and pH levels (pH 2 - 6). 
 
At given time points, the mixtures were centrifuged, and the supernatants analysed via ICP-
MS to quantify the change in copper over time. It must be noted that each heavy metal sample 
was diluted at least 1000-fold with a 2% HNO3 solution prior to detection via ICP-MS. This 
ensured that the concentration of heavy metal ions in solution was within the 2-200 µg/l 
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analytical range that the ICP-MS instrument was calibrated to detect. Due to the high cost of 
analysis via ICP-MS, samples from Cu2+ adsorption experiments were only analysed once. 
 
4.5.2.1. Effect of contact time  
To analyse the effect of contact time during adsorption, 25 mg of ZIF-8 or ZIF-8 composites 
were added into beakers containing 100 mL of Cu(NO3)2 solutions (60 mg/L) at pH 6.5. The 
solutions were then stirred continuously with a magnetic bar. Samples were collected from 
solution at t = 0, 5, 15, 30, 60, 120 and 1200 minutes. 
 
4.5.2.2. Effect of initial Cu2+ concentration 
To analyse the effect of initial Cu2+ concentration on adsorption, 25 mg of ZIF-8 or ZIF-8 
composites were added into beakers containing 100 mL of Cu(NO3)2 solutions at pH 6.5 having 
initial Cu2+ concentrations of 0.5, 10, 25, 50, 100, 250 and 500 mg/L. The solutions were then 
stirred continuously with a magnetic bar for 24 hours. Samples were collected from solutions 
before and after dosing with ZIFs.  
 
4.5.2.3. Effect of pH 
To analyse the effect of pH on adsorption, 25 mg of ZIF-8 or ZIF-8 composites were added 
into beakers containing 100 mL of Cu(NO3)2 solutions (60 mg/L) having initial pH of 2, 3, 4, 
5 and 6. The solutions were then stirred continuously with a magnetic bar for 24 hours. Samples 
were collected from solutions before and after dosing with ZIFs.  
 
4.5.2.4. Effect of competing ions   
To analyse the effect of competing ions on metal removal by ZIF-8 and ZIF-8 composites, 
copper adsorption tests were conducted in solutions with 1000 mg/L of Na+ or Ca2+ ions co-
existing in the system. Co-existing Na+ and Ca2+ ions were incorporated into copper solutions 
by mixing Cu(NO3)2 solutions with NaCl and Ca(NO3)2, respectively. 25 mg of ZIF-8 or ZIF-
8 composites were added into beakers with 100 mL of Cu(NO3)2 solutions (60 mg/L) 
containing 1000 mg/L of Na+ or Ca2+ at pH 6.5. The solutions were then stirred continuously 




4.6. Batch adsorption with ZIF and ZIF-8 composites in wastewater from Mint 
Innovation’s e-waste biorefinery. 
After assessing copper adsorption by ZIF-8 and ZIF-8 composites in idealised solutions, copper 
adsorption by ZIF-8 and ZIF-8 composites was analysed in real-life wastewater produced by 
Mint Innovation’s biorefinery.  
 
Similar to in copper adsorption tests with idealised solutions, 25 mg of ZIF-8 and ZIF-8 
composites were added into beakers containing 100 mL of wastewater produced by Mint 
Innovation’s biorefinery. The solutions were then stirred continuously with a magnetic bar. 
The initial pH of wastewater was adjusted using 0.1 M NaOH as required. At given time points, 
the mixtures were centrifuged, and the sample supernatants analysed via microwave plasma 
atomic emission spectroscopy (MP-AES) to quantify changes in copper in solution. 
 
Wastewater supernatant samples were diluted 10-fold in 5% HCl solutions prior to detecting 
heavy metals via MP-AES. In contrast to previous copper adsorption tests, metals in solution 
were detected using MP-AES instead of ICP-MS because experimentation was conducted at 
Mint Innovation’s facility, which did not have an ICP-MS instrument available. 
 
Before measuring the concentration metals in solution, the MP-AES instrument was calibrated 
with a range of heavy metal standard solutions, as displayed in Table 10. 
 
Table 10. Base metal standard solutions used to calibrate the MP-AES instrument before detecting metal ions 
in wastewater solutions.. 
Standard no. Cu2+  Al3+ Ca2+ Zn2+ 
 mg/L mg/L mg/L mg/L 
1 100 25 100 25 
2 250 50 250 50 
3 500 100 500 100 
4 50 50 50 50 
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4.7. Preparing ZIF-8@PSS coated mixed matrix membranes (MMMs) for water 
filtration – immobilizing ZIF-8@PSS onto nylon UF membranes   
4.7.1. Membrane pre-treatment 
Various membrane modification methods were explored for introducing carboxyl groups onto 
commercially available nylon membranes, including hydrolysis, corona air plasma treatment 
and chlorination. 
 
4.7.1.1. Nylon hydrolysis 
Hydrolysis of 47 mm nylon membranes was attempted by immersion in NaOH solutions 
having different concentrations (1 M, 5 M and 10 M) for 1 hour at 60 ºC. Membranes were 
then rinsed in RO water until the pH of the rinsing solution reached approximately pH 7.  
 
4.7.1.2. Nylon corona air plasma treatment 
The current study attempted to modify the surface of nylon membranes using a handheld 
corona treater, which was adjusted to provide approximately 30 W of input power and operated 
for either 5 or 15 minutes. During membrane treatment, the handheld corona treater was 
positioned approximately 3 cm from the membrane and manually moved across the entire 
membrane surface. It must be noted that the handheld corona treater could not be operated for 
any longer than 10 minutes at a time (Haubert, Drier, & Beebe, 2006). 
 
4.7.1.3. Nylon chlorination 
Nylon ultrafiltration membranes were immersed in a pH 5.0 NaOCl solution (42 mg/L free 
chlorine) for various time intervals (t = 15, 30, 60 and 90 minutes) at either ambient temperature 
or 60 ºC. The pH of the NaOCl solution was adjusted using 5 M HCl. Membranes were then 
rinsed in RO water until the pH of the rinsing solution reached about pH 7. 
 
4.7.2. Attaching ZIF-8@PSS onto nylon UF membranes 
This study investigated approaches for attaching ZIF-8@PSS to pre-treated nylon membranes 
that had been modified to contain carboxyl binding sites. Chlorination of nylon membranes 
with pH 5.0 NaOCl (42 mg/L free chlorine) at room temperature for 15 minutes successfully 
introduced carboxyl functional groups without appearing to damage the membrane. Therefore, 
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nylon membranes were first pre-treated with pH 5.0 NaOCl (42 mg/L free chlorine) at room 
temperature for 15 minutes and rinsed in RO water.  
 
Following membrane pre-treatment, attachment of ZIF-8@PSS to the surface of modified 
membranes was explored using two separate approaches: A) direct deposition of pre-
synthesized ZIF-8@PSS on the membrane surface, and B) in situ ZIF-8@PSS synthesis on the 
membrane surface following the procedure reported by Zhang and co-workers (R. Zhang et al., 
2014). 
 
For the direct deposition approach, ZIF-8@PSS were pre-synthesized according to the 
procedure reported in section 2.2.3 of the current study. Briefly, a ZIF-8@PSS suspension in 
solution was synthesized by mixing a 0.05 M Zn(NO3)2 solution with a separate solution of 0.4 
M Hmim containing 3.0 wt% PSS for 24 hours. Pre-treated nylon membranes were then 
immersed in solutions of suspended ZIF-8@PSS for 1 hour to load ZIF-8@PSS onto the 
membrane surface.  
 
The in situ self-assembly procedure for ZIF-8@PSS synthesis involved two main steps. Firstly, 
a 0.05 M Zn(NO3)2 solution was prepared in methanol (75 vol%). The chlorinated nylon 
membranes were then soaked in the Zn(NO3)2 methanol solution at 60 ºC for 1 hour to load 
Zn2+ onto the membrane surface. Following Zn2+ attachment, membranes were rinsed with RO 
water to remove residual Zn2+ ions and dried at 40 ºC for 1 hour. Secondly, 50 mL of a 0.5 M 
Hmim solution containing 3.0 wt% PSS was prepared in methanol (75 vol%). The Zn2+ coated 
membranes were then immersed in the mixed solution of Hmim and PSS in methanol for 1 
hour to promote self-assembly of ZIF-8@PSS over the membrane surface.  
 
After attaching ZIF-8@PSS to membranes via direct deposition or in situ self-assembly, the 
ZIF-8@PSS coated membranes were rinsed with RO water to remove residual ZIF-8@PSS 
and dried at 40 ºC for 1 hour. 
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4.8. Physical and chemical characterisation of pre-treated membranes and ZIF-
8@PSS coated MMMs 
4.8.1. FTIR 
Fourier transform infrared spectroscopy (FTIR) was employed to analyse the chemical 
composition of modified membranes. Spectra were analysed to determine whether pre-
treatment successfully introduced carboxyl groups and to indicate whether in situ self-assembly 
or direct deposition successfully formed ZIF-8@PSS on the membrane surface.  
 
Firstly, pre-treated membranes were measured via FTIR over a wavelength range from 3400 
to 400 cm-1 to identify adsorption bands that characterise the introduction of carboxyl groups 
to nylon membranes. Secondly, spectra for ZIF-8@PSS coated membranes were analysed to 
identify key bands for imidazole groups belonging to ZIF-8@PSS. 
 
4.8.2. Membrane morphology and hydrophilicity  
4.8.2.1. SEM 
For analysing membrane surface morphology, samples were attached to the scanning electron 
microscope (SEM) specimen stub using double sided carbon tape. Before microscopy, samples 
were coated with 5 nm gold palladium. Images of the coated membrane samples were obtained 
using an SEM operated with a voltage of 15 kV at different magnifications.  
 
4.8.2.2. Contact angle (CA) 
The static contact angle (CA) was measured using a sessile drop method with a digital 
goniometer equipped with a video camera. During CA measurement, water was injected 
through a flat head needle to produce a 3 µL water droplet on the surface of each membrane. 
The contact angle was analysed by FTA32 software version 2.0. At least three random locations 
on each membrane were selected for each measurement, which were then averaged to provide 
the reported contact angle. 
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4.8.3. Continuous filtration with ZIF-8@PSS coated MMMs 
Congo Red (CR) removal by ZIF-8@PSS coated nylon membranes was analysed during 
continuous filtration. Filtration experiments were conducted in a dead-end filtration membrane 
module driven by a peristaltic pump.  
 
ZIF-8@PSS coated nylon disk membranes with a diameter of 47mm (effective area = 12.56 
cm2) were immobilized in membrane modules. Continuous filtration experiments were 
conducted with the peristaltic pump set to the lowest possible pumping speed, which achieved 
an average flow rate of approximately 150 mL.h-1. A 150 mL solution of CR (100 mg/L) at pH 
6.5 was prepared as the feed solution. The pH of the CR feed solution was adjusted using 0.1 
M HCl. Effluent samples were collected periodically and the absorbance was recorded using a 
UV spectrophotometer. After each run, the continuous filtration configuration was washed by 
continuously pumping RO water through the unit for 10 minutes. 
 
Additionally, the mass of the permeate was recorded on an electronic balance so that the 
volume of CR could be recorded at various time intervals. The normalised permeate flow rate 







Where V (L) is the volume of permeated CR solution, A (m2) is the membrane effective area, 










5. Results and discussion 
 
5.1. Synthesis of ZIF-8 and ZIF-8 composites  
ZIF-8 and ZIF-8 composites were synthesised, characterised and analysed for pollutant binding 
during adsorption tests. The overarching aim was to improve the wastewater treatment 
performance of ZIF-8 nanoparticles by attaching them to polymers, such as PSS and chitosan, 
using simple and scalable synthesis approaches.  
 
The metal removal ability of ZIF-8 and ZIF-8 composites is affected by the concentration of 
reactants used to synthesise each compound (Xiaoxiao Fan et al., 2017; R. Zhang et al., 2014). 
Additionally, the concentration of reactants used to prepare ZIF-8 and ZIF-8 composites 
strongly influences the price of synthesis, which impacts the commercial feasibility of these 
adsorbent materials for wastewater treatment. For these reasons, a range of reactant 
concentration ratios for preparing ZIF-8 were investigated, along with a range of polymer 
concentrations for preparing ZIF-8 composites. The objectives were to:  
 
1. Characterise the physical and chemical properties of ZIFs 
2. Investigate the stability and adsorption functionality of ZIFs 
 
Powdered ZIF-8, ZIF-8@PSS and ZIF-8@chitosan composites were prepared following 
published procedures. The majority of literature reports use a Zn:Hmim ratio of 1:8 for 
synthesising ZIF-8 (Denny Jr & Cohen, 2015; T. Li et al., 2018; R. Zhang et al., 2014). By 
adjusting the Zn:Hmim ratio above and below 1:8, the current study sought to optimise the 
economic feasibility of ZIF-8 and ZIF-8 composites for industrial wastewater treatment. In the 
current study, a Zn:Hmim ratio range between 1:6 and 1:10 was selected for synthesising ZIF-
8 and ZIF-8 composites. Additionally, the current study investigated stabilising ZIF-8 using 
PSS and chitosan with concentrations ranging between 1.5 and 3.5 wt%.  
 
Attempts to synthesise ZIF-8@chitosan crystals with a Zn:Hmim ratio of 1:6 were 
unsuccessful. The reaction solution containing a Zn:Hmim ratio of 1:6 and chitosan became 
viscous after 24 hours of mixing, which suggested that a chitosan hydrogel had formed. In 
order for precipitated ZIF-8 to successfully combine with chitosan, the cross-linked chitosan 
hydrogel network must be disrupted in order to free up binding sites for ZIF-8 attachment. This 
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can occur by raising the pH of the solution using a basic molecule such as Hmim. This molecule 
deprotonates chitosan and results in the breakage of chitosan cross-links, thereby allowing both 
chitosan and Hmim to interact with Zn2+ to produce ZIF-8@chitosan (Yao et al., 2013). 
Therefore, it was hypothesized that a Zn:Hmim ratio of 1:6 did not successfully produce ZIF-
8@chitosan because the low concentration of Hmim did not provide the basicity required to 
deprotonate chitosan.  
 
Considering that PSS is insoluble in methanol but highly soluble in water (Beh et al., 2020), 
the current study prepared ZIF-8@PSS using methanol diluted in water as the solvent. Beh et 
al. (2020) recently determined that 75 vol% methanol was the optimum reaction solvent for 
coating PSS onto ZIF-8. Therefore, ZIF-8@PSS was prepared in 75 vol% methanol solutions 
in the current study. Solutions for synthesising ZIF-8 and ZIF-8 composites developed a cloudy 
appearance upon mixing Zn(NO3)2 and 2-methylimidazole, which suggested that suspensions 
of solid ZIF-8 and ZIF-8 composite particles had successfully formed (Abdelhamid & Zou, 
2018; Xiaoxiao Fan et al., 2017).  
 
5.2. Structural, physical and chemical characterization of ZIF-8 composites  
Chemical characterisation using Fourier Transform Infrared Spectroscopy (FTIR) can analyse 
the chemical composition of prepared adsorbents and identify suitable functional groups for 
pollutant binding. Physical characterisation approaches such as Dynamic Light Scattering 
(DLS) can identify ZIF-8 aggregation by measuring particle size distribution. Finally, 
adsorption tests were used to determine the pollutant removal performance of ZIF-8 
composites.   
 
5.2.1. Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier transform infrared spectroscopy (FTIR) was used to identify chemical functional 
groups that may indicate successful ZIF-8 synthesis and to determine if chitosan and PSS had 
attached to ZIF-8 to form ZIF-8@chitosan and ZIF-8@PSS composites, respectively. The 
FTIR spectra of various ZIF-8, ZIF-8@chitosan and ZIF-8@PSS preparation conditions is 

































Figure 8. FTIR spectra for ZIF-8 and ZIF-8 composites prepared using various reactant concentrations 
during synthesis.  
A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS prepared using a range of Zn:Hmim ratios (1:6 to 1:10) and 
polymer concentrations (0, 1.5 – 3.0 wt%). Individual spectra for pristine chitosan and PSS are also displayed 






The FTIR spectra recorded for ZIF-8, ZIF-8@PSS and ZIF-8@chitosan were similar to 
literature reports (Beh et al., 2020; Y. Gao et al., 2018; Yao et al., 2013). Various peaks from 
600 – 1500 cm-1 in the spectra for each ZIF preparation are associated with vibration of the 
imidazole ring (Beh et al., 2020; Y. Wang et al., 2019). Together, this suggested that the Zn2+ 
ions had successfully co-ordinated with Hmim ligands to initiate formation of the ZIF-8 
framework.  
 
The FTIR spectra also indicated that chitosan and PSS successfully attached to ZIF-8 to form 
ZIF-8@chitosan and ZIF-8@PSS. The appearance of a peak in Figure 8B at 1580 cm-1 
attributed to N-H groups of chitosan indicated that chitosan had successfully attached to ZIF-
8 (Yao et al., 2013). Additionally, a new peak in Figure 8C at 1037 cm-1 belonging to sulfonate 
groups of PSS indicated that PSS also successfully attached to ZIF-8 (G. Wang et al., 2017; 
Zhu et al., 2017).  
 
Zn(NO3)2 is weakly acidic and dissociates in water to produce Zn
2+ ions, which co-ordinate 
with 2-methylimidazole to form ZIF-8. However, Zn2+ ions can also react with OH- in water 
to form zinc hydroxide in solutions at pH 3 − 11 (Albrecht, Addai-Mensah, & Fornasiero, 2011; 
Pang, Teng, Teng, & Omar, 2009). While the reaction between Zn2+ and Hmim is more 
thermodynamically favourable than Zn2+ with OH-, the difference is only slight (Xinxin Fan et 
al., 2014). During synthesis, the pH of Zn2+ solution was observed to increase from pH 4.5 to 
pH 9.5 after adding 2-methylimidazole, which is within the reported pH range for zinc 
hydroxide precipitation (Albrecht et al., 2011; Pang et al., 2009). Therefore, FTIR spectra for 
ZIF-8 and ZIF-8 composites were compared with the spectra recorded for zinc hydroxide 







Figure 9. FTIR spectra for zinc hydroxide precipitant compared with ZIF-8. 
The zinc hydroxide precipitant was prepared by dissolving Zn(NO3)2 in water, followed by increasing the pH 
from 4.5 to 10 using 5 M NaOH.  
 
A peak at 685 cm-1 attributed to Zn-O stretching appeared in the spectra for both ZIF-8 and 
zinc hydroxide, which suggested that zinc reacted with water in both samples. However, large 
differences between the spectra for ZIF-8 and zinc hydroxide indicated that both compounds 
had different chemical compositions. As mentioned previously, the appearance of bands from 
600 – 1500 cm-1 in the spectra for ZIF-8 are associated with the imidazole ring (Beh et al., 
2020; Y. Wang et al., 2019). This suggested that the reaction between Zn2+ and Hmim 
predominated the reaction between Zn2+ and OH- to produce ZIF-8, which suggested that ZIF-
8 synthesis was successful. 
 
5.2.2. Dynamic Light Scattering 
The particle size of ZIF-8 and ZIF-8 composites was analysed using dynamic light scattering 
(DLS). Particle size can be calculated by detecting changes in the intensity of light scattered 
by particles in solution (Stetefeld, McKenna, & Patel, 2016). The particle sizes for ZIF-8 and 
ZIF-8 composites were investigated to determine if synthesis produced nanosized crystals. 
Nanoparticles have small intraparticle diffusion lengths, which increases pore accessibility for 
pollutant removal (Xinxin Fan et al., 2014). Smaller ZIF-8 crystals are typically produced by 
increasing the Zn:Hmim ratio (Cravillon et al., 2011; Xinxin Fan et al., 2014; R. Zhang et al., 
2014). However, the particle sizes for ZIF-8 and ZIF-8 composites prepared using each reactant 
concentration were not studied because time spent conducting experiments in the laboratory 
was limited by Covid-19 restrictions. Instead, ZIF-8 and ZIF-8 composites prepared with a 
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Zn:Hmim ratio of 1:8 and 3.0 wt% polymer were selected as representative samples to 
determine if the synthesis process led to the production of nanosized crystals 
 
Firstly, powdered ZIFs (0.1 mg) were dispersed in methanol (10 mL) in a 1 mL plastic cuvette 
to analyse the particle size via DLS. The non-dissociable nature of methanol prevents 
hydrolysis of the framework occurring during particle size analysis, which is believed to 
minimize variation in particle size attributed to ZIF degradation (Beh et al., 2020). The average 
particle sizes and polydispersity index values for ZIF-8 and ZIF-8 composites dispersed in 
methanol are displayed in Table 11.  
 
Table 11. Particle sizes for ZIF-8 and ZIF-8 composites.  
Name  Polydispersity index (PDI) Particle diameter (nm) 
ZIF-8  0.354 284.4 
ZIF-8@chitosan 0.851 99.59 
ZIF-8@PSS 0.851 187.1 
The particle diameter (nm) of ZIF-8, ZIF-8@chitosan, and ZIF-8@PSS crystals prepared with a Zn:Hmim ratio 
of 1:8 were measured using dynamic light scattering (DLS). The polydispersity index (PDI) value measures the 
sample distribution, which was calculated using Zetasizer software version 7.13. PDI and particle diameter (nm) 
values reported in the table were determined from three DLS runs. 
 
The polydispersity index (PDI) was measured to analyse sample uniformity. Highly uniform 
nanomaterial suspensions often display low PDI values, while PDI values close to 1 typically 
represent highly aggregated samples (Beh et al., 2020).  
 
ZIF-8 achieved a stable mean particle size of 284.4 nm with a relatively low polydispersity 
index (PDI) of 0.354 when dispersed in methanol, which suggested that the ZIF-8 crystals 
prepared in this study are in fact nanosized. In contrast, ZIF-8@chitosan and ZIF-8@PSS 
appeared to be highly aggregated due to both having a high PDI value of 0.851. Therefore, the 
mean particle sizes obtained for ZIF-8@chitosan and ZIF-8@PSS (99.59 and 187.1 nm, 
respectively) are likely to be inaccurate due to measuring large particle aggregates instead of 
single particles. Interestingly, smaller particles sizes were obtained for ZIF-8@chitosan and 
ZIF-8@PSS compared with freely suspended ZIF-8 particle sizes. This was likely due to the 
DLS instrument encountering multiple scattering, which is a phenomenon where photons 
scattered by a particle are re-scattered by neighbouring molecules before being detected. This 
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can make particles appear to be moving faster than they actually are, which leads to the 
calculation of smaller particle sizes (Stetefeld et al., 2016). 
 
It must be noted that the particle size for ZIF-8 in the current study was larger than the 115 – 
131.9 nm particle size range measured for ZIF-8 using DLS in literature reports (Beh et al., 
2020; Y. Gao et al., 2018). Variation between the particle size for ZIF-8 obtained in this study 
compared with literature reports may be due to a number of factors, such as framework 
instability and the presence of impurities in solution. The purity and stability of the ZIF-8 
compounds are highly dependent on their synthesis conditions, along with the properties of the 
dispersant used during analysis (Beh et al., 2020; Xinxin Fan et al., 2014). Fan et al. (2014) 
reported that hydroxide impurities can be produced when employing water as the solvent for 
ZIF-8 synthesis (Xinxin Fan et al., 2014). Additionally, Beh et al. (2020) reported that ZIF-8 
has poor stability in water, leading to particle degradation and aggregation (Beh et al., 2020; 
Xinxin Fan et al., 2014).   
 
The purity and stability of ZIF-8 and polymer conjugated ZIF-8 composites was investigated 
by comparing their size distribution with either methanol or water as the dispersant during 













































Figure 10. Particle size distribution for ZIF-8 and ZIF-8 composite crystals dispersed in methanol or water.  
The particle size distribution for A) ZIF-8 dispersed in methanol, B) ZIF-8 dispersed in water, C) ZIF-8@chitosan 
dispersed in methanol, D) ZIF-8@chitosan dispersed in water, E) ZIF-8@PSS dispersed in methanol, and F) 
ZIF-8@PSS dispersed in water were each measured via DLS. A total of nine particle size distribution curves are 
displayed in each graph, which were produced from three DLS runs that each measured particle sizes in 
triplicates. A particle diameter distribution range from 0 to 500 nm was selected for each graph because this 








In the current study, ZIF-8 was synthesised in pure methanol, which was expected to minimise 
hydroxide impurities due to containing a lower concentration of OH- (Xinxin Fan et al., 2014). 
ZIF-8 dispersed in methanol in Figure 10A displayed a uniform particle size distribution 
between 190 – 230 nm, which suggested that the ZIF-8 sample was relatively free from 
impurities. After dispersing ZIF-8 in water for particle size analysis (Figure 10B), the particle 
size distribution displayed substantial variation. This suggested that ZIF-8 agglomeration was 
induced upon interaction with water, resulting in nanoparticle aggregates of various sizes. This 
supports literature reports for the poor ZIF-8 stability in water. ZIF-8 aggregation in water may 
have been induced by hydrolysis, which involves the replacement of Hmim ligands with OH- 
groups. This would disrupt the ordered framework structure and expose charged functional 
groups, allowing degraded molecules to interact inappropriately to form large aggregates (Beh 
et al., 2020). Aggregation is an issue for wastewater treatment because it restricts access to 
pollutant binding sites on the adsorbent (Abdullah et al., 2019). Additionally, it is difficult to 
evenly distribute aggregated adsorbents onto suitable substrate materials for application in 
wastewater treatment, such as polymer membranes and beads (T. H. Lee et al., 2019). 
 
Recent reports indicated that aggregation of ZIF-8 can be reduced by attaching it to chitosan 
(Yao et al., 2013) or PSS (Beh et al., 2020). Therefore, the particle size distributions for ZIF-
8@chitosan and ZIF-8@PSS dispersed in water in Figure 10C and Figure 10D, respectively, 
were expected to be more uniform than for pristine ZIF-8. In contrast, the particle size 
distribution for ZIF-8@chitosan and ZIF-8@PSS in displayed substantial variation when either 
methanol or water was used as the dispersant during DLS measurement. This suggested that 
attaching polymers to ZIF-8 may have introduced impurities or increased aggregation, or 
possibly resulted in both.  
 
5.3. Batch adsorption with ZIF and ZIF-8 composites in idealised solutions 
5.3.1. Dye adsorption 
Removal of Congo Red (CR) dye from wastewater using ZIF-8 nanoparticles has been reported 
in the literature (C. Jiang et al., 2016; Y. Wang et al., 2019; R. Zhang et al., 2014). Therefore, 
it was believed that dye adsorption experiments could provide a preliminary indication of 
functionality for ZIF-8 and ZIF-8 composites.  
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CR is an anionic dye that has been widely used in printing, textile and plastic industries (Y. 
Wang et al., 2019; Yao et al., 2013). Release of CR into the environment is a serious concern 
because it can be metabolized to benzidine, which is a well-known human carcinogen (Y. 




Figure 11. Chemical structure for Congo Red (CR). 
The pore windows of ZIF-8 (3.4 Å) are too narrow to successfully trap large CR molecules 
(>13.8 Å) during adsorption (Y. Wang et al., 2019; Yao et al., 2013). Instead, successful CR 
removal by ZIF-8 has been reported to occur via strong electrostatic interactions between 
surface groups of ZIF-8 and negatively charged CR molecules (C. Jiang et al., 2016). 
 
In the current study. CR adsorption was analysed for ZIF-8 and ZIF-8 composites prepared 
with a variety of reactant concentrations. The overarching objective for the CR adsorption 
experiments was to efficiently determine if the range of synthesis conditions explored for 
preparing ZIF-8 and ZIF-8 composites may be appropriate for optimising copper removal 
performance. CR removal by ZIF-8 and ZIF-8 composites was analysed in batch adsorption 








































Figure 12. Congo Red removal over time during batch adsorption with ZIF-8 and ZIF-8 composites.  
Batch adsorption experiments were conducted in Congo Red (CR) solutions (CR concentration = 1000 mg/L, pH 
6.5) with continuous stirring. The absorbance of CR solutions was measured at t = 0, 5, 10, 15, 20, 25, 30, 60, 
120 and 480 min via UV spectroscopy to determine CR removal (%) by A) ZIF-8, B) ZIF-8@chitosan, and C) 
ZIF-8@PSS. CR removal during adsorption with virgin chitosan and PSS was also analysed. A range of Zn:Hmim 
ratios (1:6 to 1:8) and polymer concentrations (1.5 to 3.0 wt%) ratios were explored for preparing ZIF-8, ZIF-






CR removal by ZIF-8 and ZIF-8 composites increased during the first 120 minutes and then 
remained relatively stable, resulting in flattened curves. When conducting adsorption with ZIFs 
in Figure 12, increasing the Zn:Hmim ratio from 1:6 to 1:10 appeared to have a greater impact 
on CR performance than increasing the polymer concentration from 1.5 – 3.0 wt%. This was 
demonstrated by the comparatively lower CR removal performance achieved by ZIF-8 and 
ZIF-8@PSS prepared with a Zn:Hmim ratio of 1:6. The enhanced CR removal performance 
achieved by ZIFs upon increasing the Zn:Hmim ratio was likely attributed to increased binding 
site density in the framework (Terban et al., 2018). 
 
CR removal performance was clearly improved by attaching chitosan and PSS to ZIF-8, as 
displayed in Figure 12B and Figure 12C, respectively. Non-modified ZIF-8 removed between 
24% and 35% of CR from solution. In contrast, ZIF-8@chitosan and ZIF-8@PSS removed up 
to 73% and 100% of CR, respectively. The impact of the polymer concentration used to prepare 
ZIF-8 composites on CR removal performance appeared to be dependent on the specific type 
of polymer attached. Varying the chitosan concentration from 1.5 to 3.0 wt% for synthesising 
ZIF-8@chitosan (see Figure 12B) had minimal impact on the CR removal performance, as 
demonstrated by similar curves that each reached around 65% CR removal.  
 
In contrast, varying the PSS concentration from 1.5 to 3.0 wt% for synthesising ZIF-8@PSS 
(see Figure 12C) resulted in an increase in CR removal from 91% to 98%. The exceptional CR 
adsorption achieved by ZIF-8@PSS composites was surprising because electrostatic repulsion 
was expected to occur between the negatively charged sulfonate groups on CR and PSS (Yao 
et al., 2013). There are currently no literature reports on dye adsorption with ZIF-8@PSS, 
which makes it difficult to determine how ZIF-8@PSS achieved unexpectedly high CR 
removal, without further characterisation. A possible explanation relies on the mode of ZIF-
8@PEI assembly proposed by Gao et al. (2018), who suggested that PEI embedded into the 
framework through Zn-N bonds, resulting in enlarged pore structures that could trap pollutant 
molecules (Gao et al., 2018). It was hypothesized that PSS attachment to ZIF-8 may have 
followed a similar mode of assembly to that reported by Gao et al. (2018) and for ZIF-8@PEI. 




It was interesting to note that virgin chitosan successfully removed more CR than ZIF-
8@chitosan composites (Figure 12B). After 500 minutes of adsorption, pure chitosan removed 
80% of CR, while the range of ZIF-8@chitosan composites only achieved 63 – 73% CR 
removal. Chitosan is a positively charged molecule that contains an abundance of amino and 
hydroxyl groups, which can interact with negatively charged sulfonate sites in CR (C. Jiang et 
al., 2016; Yao et al., 2013). It is believed that the reduction in CR performance by ZIF-
8@chitosan compared to virgin chitosan was because interaction between chitosan and ZIF-8 
reduced the number of available binding sites on chitosan for CR adsorption, resulting in 
reduced CR removal by ZIF-8@chitosan. Overall, the CR removal performance was clearly 
affected by the range of reactant concentrations explored for synthesising ZIFs. As a result, the 
range of reactant concentrations explored for synthesising ZIFs was deemed suitable for 
optimising pollutant removal from wastewater. Therefore, the current study progressed onto 
analysing copper removal using ZIFs prepared under these reactant conditions. 
 
5.3.2. Copper adsorption with ZIF-8 and ZIF-8 composites in idealised solutions. 
Batch adsorption experiments were conducted to determine if ZIF-8 and ZIF-8 composites 
could successfully remove copper from solution to below 10 mg/L, as required by the Auckland 
City Council for Mint Innovation’s wastewater to be safely discharged into the public 
wastewater system. 
 
Copper removal by ZIF-8 and ZIF-8 composites was analysed in idealised solutions to 
investigate the effects of different factors on adsorption, such as contact time, initial copper 
concentration, pH and competing ions. This was conducted to characterise properties that could 
influence copper removal by ZIFs in real-life wastewater solutions, such as the rate of copper 
binding, maximum copper loading capacity, functional pH range, and selectivity for copper.    
Binding kinetics and maximum adsorption capacity are typically calculated from experimental 
adsorption data using Blanchard and Langmuir models, respectively (Blanchard, Maunaye, & 
Martin, 1984; Bui et al., 2020). However, these models could not be employed in the current 
study because it was believed that copper adsorption with ZIFs had not reached true 
equilibrium, which could lead to erroneous calculations (Bui et al., 2020). Porous adsorbents 
such as zeolites can take several days to weeks to reach true equilibrium (Tran, You, Hosseini-
Bandegharaei, & Chao, 2017), which is substantially longer than the maximum 24-hour 
adsorption period analysed in the current study. 
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5.3.2.1. Effect of contact time  
Metal polluted wastewater is continuously produced during precious metal recovery at Mint 
Innovation’s biorefinery. Therefore, copper removal from wastewater by ZIFs must be 
achieved efficiently in order to prevent large volumes of untreated wastewater from 
accumulating at Mint Innovation’s facility. The effect of contact time on copper removal was 
analysed during batch adsorption in idealised solutions with ZIF-8 and ZIF-8 composites, as 
displayed in Figure 13. Copper removal by various ZIF preparations was analysed to determine 
if the range of reactant concentrations explored for synthesising ZIFs influenced copper 




















































Figure 13. The effect of contact time on copper adsorption by ZIF-8 and ZIF-8 composites. 
Adsorption was conducted in copper solutions (initial Cu2+ concentration = 60 mg/L, pH 6.5) with continuous 
stirring to measure Cu2+ removal by A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS. The Cu2+ (mg/L, left) 
and Zn2+ (mg/L, right) remaining in each solution was measured via ICP-MS during adsorption at t = 0, 5, 15, 
30, 60, 120. The effect of contact time on copper removal by virgin chitosan and PSS was also analysed. A 
range of Zn:Hmim ratios (1:6 to 1:8) and polymer concentrations (1.5 to 3.0 wt%) ratios were explored for 






Copper solutions went from clear to light blue over time during adsorption with chitosan, ZIF-
8 and ZIF-8 composites, which indicated that Cu2+ sorption had occurred (Margiriti et al 2017; 
Bui et al 2020). Furthermore, ICP-MS analysis (see Figure 13) demonstrated that copper was 
successfully removed by ZIFs to below 10 mg/L limits within 15 minutes. Although slower, 
chitosan successfully removed copper to below 10 mg/L limits within 60 minutes. ZIFs 
removed copper rapidly, as demonstrated by a sharp decrease in Cu2+ during the initial 60 
minutes. However, after 120 minutes of adsorption, ZIFs released a large proportion of Cu2+ 
back into solution. Sun et al. (2020) reported that the pore structures of ZIF-8 are enlarged 
upon binding Cu2+ (Sun, Yang, Cao, Wang, & Xiong, 2020). Therefore, copper ions trapped 
within framework pores may have been released due to pore enlargement upon binding Cu2+.  
Interestingly, ZIF-8 composites released less Cu2+ than non-modified ZIF-8. Gao et al. (2018) 
indicated that flexible polymer chains attached to ZIF-8 will inevitably intrude into pore 
cavities (Gao et al., 2018). Therefore, it was believed the reduction in Cu2+ release by ZIF-8 
composites was due to polymers blocking pore cavities, resulting in entrapment of Cu2+ within 
the frameworks.  
 
It is worth noting that copper removal during the initial 15 minutes of adsorption with ZIFs 
was accompanied by a large release of zinc. Zhang et al. (2016) proposed that copper removal 
by ZIF-8 involves ion-exchange (Zhang et al., 2016). Copper typically displaces zinc during 
ion exchange reactions because Cu2+ complexes are more stable (Irving & Williams, 1953). 
Ion-exchange between Cu2+ in solution and Zn2+ of ZIF-8 is a concern for wastewater treatment 
because Zn2+ released into solution by ZIF-8 upon copper binding must also be removed. Zinc 
must be removed from wastewater because excessive levels of Zn2+ can lead to health 
problems, such as vomiting, nausea and anaemia (Fu & Wang, 2011). Furthermore, Bui et al. 
(2020) reported that ZIF-8 transitions to a new crystalline state upon replacing Zn2+ in the 
centre of ZIF-8 with Cu2+. Therefore, ZIF-8 forms a different compound upon adsorbing Cu2+, 
which would limit the re-usability of ZIF-8 in subsequent wastewater treatment cycles. 
 
Interestingly, the Zn2+ released from ZIFs was rapidly removed again after 15 minutes (Figure 
13), which possibly occurred via entrapment of Zn2+ in pores of ZIFs and electrostatic binding 
onto the surface (Bui et al., 2020). In contrast, virgin chitosan continuously removed Cu2+ over 
time (Figure 13), which is believed to occur by electrostatic binding onto surface functional 
groups (Laus et al., 2007; Yao et al., 2013). While a large amount of Zn2+ was detected 
following copper adsorption with chitosan, this was believed to have resulted from accidental 
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contamination. This suggested that chitosan is a better, but slower adsorbent for removing Cu2+ 
from solution than ZIFs. 
 
Overall, the range of reactant concentrations used to synthesise ZIFs (i.e. 1:6, 1:8 and 1:10 
Zn:Hmim, and 0.15 and 0.45 wt%) achieved similar copper removal over time. Therefore, the 
range of reactant concentrations analysed in the current study was not suitable for optimising 
copper removal by ZIFs composites. As a result, reactant concentrations for synthesising ZIFs 
used in subsequent copper adsorption experiments were based on literature reports. ZIF-8 is 
typically synthesised with a Zn:Hmim ratio of 1:8 (Gao et al., 2018; Li et al., 2018; Zhang et 
al., 2016). Additionally, Yao et al. (2013) demonstrated optimal ZIF-8@chitosan synthesis 
with 3.0 wt% chitosan (Yao et al., 2013). Therefore, ZIF-8 and ZIF-8 composites were both 
synthesised with a Zn:Hmim ratio of 1:8, and ZIF-8 composites were synthesised with 3.0 wt% 
chitosan or PSS in subsequent experiments.  
 
Few literature reports have discussed Zn2+ release from ZIF-8 during wastewater treatment. 
Therefore, further investigation into the metal adsorption behaviour of ZIFs was conducted to 
determine if they are suitable adsorbents for treating wastewater produced by Mint 
Innovation’s biorefinery.  
 
5.3.2.2. Effect of initial Cu2+ concentration  
Extensive variations between waste electronic devices (i.e., printed circuit boards from 
smartphones, laptops, TV) can affect the feed pollutant concentrations in wastewater produced 
by Mint Innovation’s biorefinery. Therefore, Cu2+ removal by ZIFs was analysed during batch 
adsorption in idealised solutions with a range of initial copper concentrations, as displayed in 






 Figure 14. Effect of initial Cu2+ concentration on copper adsorption by ZIF-8 and ZIF-8 composites. 
Adsorption was conducted in copper solutions (initial [Cu2+] = 0.5, 10, 25, 50, 100, 250 or 500 mg/L, pH 6.5) 
with continuous stirring over a 20 hour period to measure Cu2+ removal by A) ZIF-8, B) ZIF-8@chitosan, and 
C) ZIF-8@PSS. The Cu2+ (%, red circles) and Zn2+ (mg/L, yellow crosses) remaining in each solution after 20 
hours of adsorption was determined via ICP-MS.    
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It must be noted that the initial copper concentration detected via ICP-MS in Cu2+ solutions 
differed from the theoretical initial copper concentration expected for each solution in Figure 
14. This suggested that experimental error was encountered, which may have been due to 
mistakenly overdiluting samples during ICP-MS analysis. The initial copper concentration in 
pH 6.5 Cu2+ solutions may have been further influenced by copper precipitation. Copper 
hydroxide complexes form when the solubility product is exceeded, and this typically occurs 
between pH 6.5 and 12.0 (Cuppett, Duncan, & Dietrich, 2006; J. Huang et al., 2017). When 
the copper concentration is increased, the domain of stability of the solid Cu(OH)2 extends to 
lower pH values, resulting in increased copper precipitation (Cuppett et al., 2006). This was 
observed with the pH 6.5 Cu2+ solutions in the current study, where raising the initial Cu2+ 
concentration produced larger deviations between the theoretical Cu2+ and detected Cu2+ 
concentrations, likely due to increased copper precipitation at the higher initial 
Cu2+concentrations. 
 
The effect of concentration on copper removal was analysed to determine the maximum 
adsorption capacity for ZIF-8 and ZIF-8 composites. Maximum adsorption capacity occurs 
when no free binding sites for copper remain on the adsorbent due to all binding sites being 
occupied (Fomina et al., 2014; Volesky, 2007). Therefore, the relationship between the initial 
copper concentration and copper adsorption over time is expected to produce a flattened curve 
upon attainment of maximum adsorption. In contrast, copper adsorption by ZIFs increased 
linearly in response to the initial copper concentrations analysed, which suggested that the 
maximum copper adsorption capacity for each ZIF was not reached in the current study. As a 
result, Langmuir models could not be used to calculate the maximum copper adsorption 
capacity for each ZIF in the current study.  
 
5.3.2.3. Effect of initial pH  
The solution pH strongly influences pollutant removal during adsorption by changing the 
speciation of metal ions and charge on adsorbent functional groups (Zhang et al., 2016). 
Additionally, ZIF-8 degradation has been reported in highly acidic or basic solutions (Van 
Goethem et al., 2018; Y. Zhang et al., 2016). Therefore, the functional pH range for ZIF-8 and 
ZIF-8 composites was analysed during batch adsorption in idealised solutions, as displayed in 







Figure 15. Effect of pH on copper adsorption by ZIF-8 and ZIF-8 composites. 
Adsorption was conducted in copper solutions (initial [Cu2+] = 60 mg/L, pH 2, 3, 4, 5 or 6) under continuous 
stirring for 20 hours to measure Cu2+ removal by A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS. The Cu2+ 
(%, red circles) and Zn2+ (mg/L, yellow crosses) remaining in each solution after 20 hours of adsorption was 
determined via ICP-MS.    
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Nearly 100% of Cu2+ was removed by ZIF-8 and ZIF-8@PSS after 24 hours of adsorption in 
solutions with pH ranging from 2 to 6, as displayed in Figure 15A and C, respectively. On the 
other hand, Cu2+ removal by ZIF-8@chitosan in Figure 15B decreased to 77% in pH 2 
solutions. This was possibly due to protonation of amino groups on the surface of chitosan in 
acidic solutions, which would repel positively charged Cu2+ ions (Yao et al., 2013). 
 
However, the large amount of Zn2+ released during adsorption in pH 2 solutions demonstrated 
that ZIF-8 and ZIF-8 composites became unstable under acidic conditions. Over 100 mg/L of 
Zn2+ was released by each ZIF during adsorption at pH 2 in Figure 15. It was believed that 
protonation on amino groups belonging to Hmim may have disrupted coordination with the 
central Zn2+ ion within the ZIF structures, leading to the release of Zn2+ from the frameworks 
(S. Gao et al., 2019). 
 
5.3.2.4. Effect of competing ions  
Wastewater produced by Mint Innovation’s biorefinery contains dissolved copper alongside 
high concentration of co-existing ions, such as Na+ or Ca2+. Co-existing ions can reduce Cu2+ 
removal during adsorption by competing with Cu2+ ions for binding sites on the adsorbent 
(Fomina et al., 2014). Therefore, the effect of Ca2+ and Na+ on copper removal by ZIF-8 and 









































Figure 16. The effect of co-existing ions on copper adsorption by ZIF-8 and ZIF-8 composites. 
Adsorption was conducted in mixed copper solutions (initial Cu2+ conc = 60 mg/L, pH 6.5, along with either Ca2+ 
or Na+ = 1000 mg/L) with continuous stirring to measure Cu2+ removal by A) ZIF-8, B) ZIF-8@chitosan, and C) 
ZIF-8@PSS. The Cu2+ (left) and Zn2+ (right) remaining in each solution was measured via ICP-MS during 
adsorption at t = 0, 15, 30, 60, 120 and 1200. For each graph, Cu2+ removal and Zn2+ release by ZIFs was 
measured in Cu2+ solutions without co-existing ions (black circles with dashed line), Cu2+ solutions containing 




Co-existing Na+ (1000 mg/L) and Ca2+ (1000 mg/L) had minimal effects on copper removal 
by ZIFs. Almost complete copper removal was achieved by ZIFs within the first 15 minutes of 
adsorption in Cu2+ solutions with or without co-existing ions (see Figure 16). Surprisingly, the 
presence of co-existing ions in solution minimized Cu2+ release back into solution by ZIF-8 
composites in Figure 16C and E, unlike in solutions without co-existing ions. It was believed 
that co-existing ions may prevent Cu2+ release from ZIF-8 composites due to pH buffering 
effects (Fomina et al., 2014).  
 
However, Zn2+ released from ZIF-8 composites was removed substantially slower in solutions 
containing Ca2+ or Na+ than in solutions without co-existing ions, as displayed in Figure 16D 
and F. This may be due to steric effects of co-existing ions, which possibly shielded Zn2+ from 
approaching the framework (Efome et al., 2019). In contrast, Zn2+ released from ZIF-8 
composites in Cu2+ solutions without co-existing ions appeared to be re-captured within 120 
minutes of adsorption (Bui et al., 2020; Sun et al., 2019).  
 
5.4. Batch adsorption with ZIF-8 and ZIF-8 composites in wastewater from Mint 
Innovation’s e-waste biorefinery. 
Wastewater produced by Mint Innovation’s biorefinery contains high concentration of mixed 
contaminants, which makes it impossible for contaminant removal by conventional treatment 
methods such as chemical precipitation and adsorption onto activated carbon. Metal removal 
with ZIFs was tested in batch adsorption experiments with two different wastewater streams 
generated at Mint Innovation’s e-waste biorefinery. The two wastewater streams produced by 
Mint Innovation are referred to as wastewater stream A (pH 3.6, Cu2+ conc. > 500 mg/L, Cl- > 
10,000 mg/L), and wastewater stream B (pH 0.7, Cu2+ conc. < 200 mg/L and Cl- < 5000 mg/L). 
A more detailed characterisation of wastewater stream A and wastewater stream B is provided 
in Table 6. 
 
Firstly, metal removal by ZIFs was analysed in Mint Innovation wastewater stream A, as 






Figure 17. Metal adsorption by ZIF-8 and ZIF-8 composites in wastewater stream A from Mint Innovation’s 
biorefinery.  
Adsorption was conducted in wastewater stream A (initial conc: [Cu2+] = 705.1, [Al3+] = 426.14, [Zn2+] = 43.94, 
[Fe3+] = 39.82, [Ca2+] = 14,506.71, [Cl-] = 12,000 mg/L; pH 3.6) with continuous stirring to measure Cu2+ 
removal by A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS. Metals remaining in each solution were measured 
via ICP-MS during adsorption at t = 0, 5, 15, 30, 60, 120. Curves for Cu2+ (red), Zn2+ (yellow) and Al3+ (grey) 
were displayed because these heavy metals were present at the highest concentrations. 
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ZIF powders instantly dissolved upon being submerged in waste stream A (see Figure 17), 
which indicated that ZIFs had likely degraded. This was supported by the large amount of Zn2+ 
released from ZIFs within the first 15 minutes of adsorption in waste-stream A, an amount that 
remained relatively constant throughout the entire 120-minute adsorption period. It was 
believed that ZIFs were degraded by the high chlorine concentration (~12,000 mg/L)  present 
in Mint Innovation’s wastewater stream A. Nitrogen atoms belonging to Hmim are susceptible 
to chlorine attack (Hossain, Pradhan, & Nanda, 2017). Moreover, excessive chlorination can 
lead to scission of amine bonds (Al-Abri et al., 2019), resulting in framework degradation. 
Therefore, no further adsorption experiments were conducted with ZIFs in waste-stream A.  
 










Figure 18. Metal adsorption by ZIF-8 and ZIF-8 composites in wastewater stream B from Mint Innovation’s 
biorefinery. 
Adsorption was conducted in wastewater stream B (initial conc: [Cu2+] = 169.01, [Al3+] = 348.06, [Zn2+] = 9.43, 
[Fe3+] = 3.63, [Ca2+] = 1,062.48, [Cl-] = 4,485 mg/L; pH 0.7) with continuous stirring to measure Cu2+ removal 
by A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS. Metals remaining in each solution were measured via ICP-
MS during adsorption at t=0, 5, 15, 30, 60, 120. Curves for Cu2+ (red), Zn2+ (yellow) and Al3+ (grey) were 
displayed because these heavy metals were present at the highest concentrations. 
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Again, degradation of ZIFs may have happened, as indicated by the large quantity of Zn2+ 
released into solution within the first 5 minutes of adsorption. This was unsurprising 
considering that the highly acidic conditions in waste-stream A are well outside the pH stability 
range for ZIF-8 (pH 3 – 8) (Sun et al., 2020; Yao et al., 2013; Zhang et al., 2016). ZIF-8 
degradation in acidic conditions occurs due to protonation of Hmim ligands (S. Gao et al., 
2019), resulting in breakages of the Zn-N bonds that co-ordinate the framework. Based on these 
findings, it was hypothesized that raising the pH to within the reported range of stability for 
ZIF-8 (pH 3 – 8) would prevent degradation and enable successful metal removal by ZIFs. 
Therefore, the pH of waste-stream A was adjusted from pH 0.7 to pH 3.0 prior to analysing 
adsorption with ZIFs, as displayed in Appendix C.  
 
A slight improvement in copper removal by ZIFs was observed after raising the initial pH of 
waste-stream B from pH 0.7 to 3.0 in Appendix C. After seeing this improvement, it was 
hypothesized that metal removal by ZIF-8 may be improved by further increasing the pH. 
Therefore, copper adsorption by ZIF-8 over time was analysed in waste stream B after raising 
the pH to 4. The results are displayed in Figure 19.  
 
 
Figure 19. Metal adsorption by ZIF-8 in wastewater stream B from Mint Innovation’s biorefinery after 
adjusting solution pH to 4. 
Adsorption was conducted in wastewater stream B (initial conc: [Cu2+] = 153.04, [Al3+] = 295.04, [Zn2+] = 8.01, 
[Fe3+] = 3.1, [Ca2+] = 985.95, [Cl-] = 4,485 mg/L; pH 4.0) with continuous stirring to measure Cu2+ removal by 
A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-8@PSS. Metals remaining in each solution were measured via ICP-
MS during adsorption at t=0, 60 and 120. Curves for Curves for Cu2+ (red), Ca2+ (blue) and Al3+ (grey) were 
displayed because these heavy metals were present at the highest concentrations. The pH of wastewater stream 
B was adjusted from 0.7 to 4.0 using 1 M NaOH. 
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After adjusting the pH of waste-stream B from 0.7 to 4.0, ZIF-8 removed nearly all copper 
(89.8%), aluminium (93.3%) and calcium (89.3%) from waste-stream B within 60 minutes of 
adsorption, as displayed in Figure 19. Protonation of the amino groups within ZIF-8 is reduced 
by increasing the solution pH, which helps maintain ZIF-8 stability in solution (S. Gao et al., 
2019). As a result, copper was successfully removed from waste-stream B at pH 4 by ZIF-8 to 
below 10 mg/L. Surprisingly, only minimal amounts (23 mg/L) of Zn2+ were released from 
ZIF-8 during adsorption in wastewater stream B within the first 120 minutes of adsorption. 
This was unexpected because Zn2+ was released by ZIF-8 during adsorption in each of the 
idealised solutions investigated in the current study.  
 
Based on the behaviour of ZIF-8 in idealised solutions, Zn2+ release by ZIF-8 during copper 
adsorption was expected to increase during the initial 30 minutes of adsorption, followed by a 
sharp reduction in Zn2+ from solution. Because samples for copper removal by ZIF-8 during 
adsorption in waste-stream B at pH 4 were collected at 60-minute intervals, it was not possible 
to detect a spike in Zn2+ release by ZIF-8 within the first 30 minutes of adsorption in waste-
stream B. 
 
While the metal removal performance achieved by ZIF-8 in waste-stream B at pH 4 was 
exceptional, it is important to note that these results were based on metal removal by ZIF-8 in 
a very small number of samples (t = 0, 60 and 120 min) and without repeating the batch 
adsorption experiment. Therefore, the batch adsorption experiments with ZIF-8 in waste-
stream B has low reliability as a measure of the metal removal performance.  
 
ZIF-8 was not expected to remove high concentrations of aluminium and calcium. Aluminium 
has a low propensity for binding with amino groups (T. Wu et al., 2020), which means that 
adsorption onto the 2-methylimidazole ligands of the ZIF-8 would be unlikely. Calcium 
removal by ZIF-8 in waste-stream B at pH 4 was also unexpected. ZIF-8 did not display any 
binding preference towards Ca2+ in idealised solutions, as displayed in Appendix D. Therefore, 
it was unlikely that ZIF-8 was responsible for removing Ca2+ during adsorption in waste-stream 
B at pH 4. Together, the unexpectedly large reduction in both Al3+ and Ca2+ during adsorption 
with ZIF-8 in waste-stream B suggested that the promising metal removal performance was 
not attributed to ZIF-8. Instead, it was believed that the exceptional Al3+ and Ca2+ removal 
performance was attributed to pH induced precipitation and complexation. Aluminium is a hard 
Lewis acid that shows preference towards oxygen donor ligands, which enables it to react with 
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water. Aluminium hydroxide complexes such as AlOH2
+, Al(OH2)
+ and Al(OH)3 typically 
form at around pH 4.0 (Y. H. Lee, 1985), which could result in aluminium precipitation. 
Insoluble calcium aluminate may then form by reaction between calcium and aluminium 
hydroxide complexes in solution (Newman & Choo, 2003). For the current study, in order to 
verify that the strong metal removal performance was attributed to adsorption by ZIF-8, the 
adsorption experiment would need to be repeated and the solids formed upon metal removal 
would need to be characterized. 
 
Overall, based on the batch adsorption results, the strong metal removal performance achieved 
by ZIF-8 in waste-stream B was proposed to occur via the following mechanisms/principles: 
• Copper removal by ZIF-8 composites likely occurred by ion-exchange between copper 
and the zinc centres of the frameworks.  
• Aluminium likely precipitated out of solution as aluminium hydroxide. Calcium may 
have reacted with aluminium hydroxide to produce calcium aluminate, resulting in the 
removal of both calcium and aluminium from solution. 
 
5.5. Preparation of ZIF-8@PSS-coated MMMs – immobilizing ZIF-8@PSS onto 
nylon UF membranes 
Batch adsorption experiments with ZIFs displayed promising copper removal performances 
under both idealised and real-life wastewater conditions. However, freely suspended ZIF 
powders are not suitable for industrial wastewater treatment due to issues with aggregation and 
concerns around environmental toxicity (Abdullah et al., 2019; Shearier et al., 2016). Issues 
with freely suspended ZIF powders for wastewater treatment can be addressed by stabilising 
them onto polymer membranes (Abdullah et al., 2019; Jamshidifard et al., 2019; J. Li et al., 
2020). A number of literature reports have focussed on attaching ZIF-8@PSS to polymeric 
membranes (Y. Wang et al., 2019; Zhang et al., 2013; Zhu et al., 2017). Therefore, in the 
current study, ZIF-8@PSS coated membranes were prepared, to validate existing fabrication 
methods and to investigate the potential industrial application of ZIF-8 nanoparticles in 
continuous wastewater filtration. It was hypothesized that coating ZIF-8@PSS nanoparticles 
onto commercially available polymeric ultrafiltration (UF) membranes would facilitate 
continuous copper removal during wastewater treatment, while maintaining the attractive 
permeability properties in the UF layer.    
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The objectives were to: 
 
1) Modify commercially available UF membranes to facilitate ZIF-8@PSS attachment  
2) Explore methods for synthesising a ZIF-8@PSS active layer onto a UF membrane support. 
3) Characterise physical and chemical properties of ZIF-8@PSS UF membranes 
4) Analyse filtration performance of ZIF-8@PSS UF membranes  
 
5.6. Physical and chemical characterization of pre-treated membranes and ZIF-
8@PSS coated MMMs 
The current project investigated approaches for immobilizing ZIF-8@PSS nanoparticles onto 
an UF membrane substrate to overcome issues with freely suspended ZIF-8@PSS 
nanoparticles, such as aggregation and release into the environment. It was believed that ZIF-
8@PSS functionalised UF membranes would be suitable for on-site wastewater treatment via 
continuous filtration at Mint Innovation’s biorefinery. 
 
Polymeric UF membranes were selected for immobilizing ZIFs due to their versatility, cost-
effectiveness and long-term stability (Galliano et al., 2018; Guillen et al., 2011). Nylon 
membranes dominate the water filtration market (Warsinger et al., 2018) and could be easily 
obtained as disk filters with a suitable size to fit conventional membrane holders (47 mm) used 
in the current project. Additionally, nylon membranes have good mechanical strength and high 
chemical resistance (Lee et al., 2011). Therefore, commercially available nylon UF membranes 
were employed as a suitable substrate layer for ZIF-8@PSS attachment.   
 
Membranes were pre-treated to introduce functional groups onto the membrane surface. These 
functional groups serve as binding sites for nanoparticle attachment (Jun, Lee, & Kwon, 2018; 
J. Xu et al., 2013; Zarshenas, Raisi, & Aroujalian, 2015). In the current project, membrane pre-
treatment by hydrolysis, corona-air plasma treatment and chlorination were explored. 
Introduction of negatively charged functional groups such as hydroxyl and carboxyl groups to 
the membrane surface can facilitate ZIF-8@PSS attachment through electrostatic interaction 
with the Zn2+ centres of ZIF-8@PSS (Wang et al., 2019; Zhang et al., 2014). Therefore, the 
objective for membrane modification was to increase the surface reactivity of commercially 
available membranes to facilitate ZIF-8@PSS attachment. 
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5.6.1. FTIR  
FTIR was used to reveal information about the chemical composition of commercially 
available membranes, along with identify whether the membrane modification approaches 
explored in this study could successfully introduced carboxyl groups for ZIF-8@PSS 
attachment. After attempting ZIF-8@PSS synthesis onto nylon membranes, FTIR was used to 
identify functional groups attributed to ZIF-8@PSS that may indicate successful attachment 
onto the membranes.  
 
5.6.1.1. Membrane modification  
FTIR spectra for nylon membranes in response to varying hydrolysis, corona air plasma and 



















































Figure 20. FTIR spectra for pre-treated nylon membranes prior to ZIF-8@PSS attachment.  
Nylon disk UF membranes with a 47 mm diameter were pre-treated by A) hydrolysis in various concentrations of 
NaOH (1M, 5M or 10M) for 60 minutes at 60ºC, B) corona air plasma with 30 W of input power for t = 5 or 15 
minutes and, C) chlorination in NaOCl (42 mg/L free chlorine, pH 5.0) at ambient temperature for t = 15, 30, 60 
or 90 minutes. Spectra for pre-treated membranes were compared with non-modified nylon membranes. 
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While the commercially available membranes used in this project consisted of nylon polymers, 
the specific chemical composition of each of these membranes is proprietary information 
belonging to their respective manufacturers. The spectra for non-modified commercially 
available nylon membranes were similar to literature reports for nylon-6 (Zarshenas et al., 
2015). Therefore, it was believed that the commercially available nylon membranes consisted 
predominantly of nylon-6. 
 
No differences in the FTIR spectra for nylon membranes were recorded after hydrolysis in 
various concentrations of NaOH, (see Figure 20A). Jun et al. (2018) reported that strong acid 
or bases can hydrolyse the amide bonds of nylon membranes to form carboxylic acid groups, 




Figure 21. Mechanism of nylon membrane hydrolysis with strong acid or strong base. Adapted from (Jun et 
al., 2018). 
It was expected that hydrolysis of nylon with NaOH in Figure 20A would produce a peak at 
1710 cm-1 for a conjugated carboxylic acid (-COO-NA+) (Jun et al., 2019). However, nylon 
membranes are highly chemically resistant (Hosseini et al., 2016; Lalia et al., 2013). Amide 
bonds are highly stable due to the presence of the electronegative oxygen and lone pair of 
electrons on nitrogen (Jun et al., 2018).  
 
It was believed that increasing the hydrolysis time or NaOH concentration may be necessary 
to successfully convert amide groups on nylon membranes to carboxyl groups. Jun et al. (2018) 
successfully converted amide groups on nylon membranes to carboxylic acid groups after 18 
days of hydrolysis in NaOH (Jun et al., 2018). However, hydrolysing nylon membranes for 18 
days would be very inefficient when scaling up membrane production for industrial wastewater 
treatment. Therefore, extended hydrolysis times for nylon modification were not investigated 
in the current study. In addition, nylon hydrolysis at higher concentrations of NaOH was not 




Moreover, there was no difference in FTIR spectra for nylon membranes following corona air 
plasma treatment, as displayed in Figure 20B. This indicated that corona air plasma 
modification failed to modify nylon membranes. In contrast, Zarshenas et al. (2015) 
successfully introduced carboxyl groups onto nylon membranes using corona air plasma 
treatment (Zarshenas et al., 2015). Corona plasma is produced by applying a high voltage to an 
electrode, which ionizes oxygen and nitrogen molecules in the surrounding atmosphere and 
produces ionized species and radicals (Yan, van Heesch, Pemen, & Huijbrechts, 2001; 
Zarshenas et al., 2015). Wu et al. (1997) proposed that free radicals produced during plasma 
treatment attack the membrane surface, leading to the scission of C-C or C-H groups and the 





Figure 22. Mechanism of chemical composition changes during corona air plasma treatment of nylon 
membrane. From (Wu et al., 1997) 
Therefore, it was expected that corona air plasma treatment of nylon membranes would 
produce a peak at 1770 cm-1 for a carboxylic acid (Zarshenas et al., 2015). It was believed 
carboxyl groups were not introduced onto nylon membranes during corona air plasma 
treatment due to the limited power input provided by the handheld corona treater. The handheld 
corona treater was only capable of providing 5 − 30 W of power and could only be operated 
continuously for up to 10 minutes (Haubert et al., 2006). In contrast, Zarshenas et al. (2015) 
successfully introduced carboxyl groups onto nylon membranes using a commercial scale 
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corona air plasma device, which was operated with corona input power between 240 - 600 W 
(Zarshenas et al., 2015). Increasing the corona treatment power input produces more ionized 
species in the corona plasma, which increases the likelihood of successful reactions with the 
membrane surface to produce functional groups (Sadeghi, Aroujalian, Raisi, Dabir, & 
Fathizadeh, 2013; Zarshenas et al., 2015). In summary, the limited power input provided by 
handheld treater likely produced insufficient ionisation energy to introduce carboxyl groups 
onto the surface of nylon membranes.  
  
Finally, nylon membranes were successfully modified by controlled chlorination using 
standard household bleach (NaOCl), as displayed in Figure 20C. Chlorine is present as 
hypochlorous acid at pH < 5 and turns into hypochlorite at pH > 8 (Ma et al., 2013). Membrane 
chlorination is favoured at acidic pH, where free chlorine species are dominant (Ettori, 
Gaudichet-Maurin, Schrotter, Aimar, & Causserand, 2011). Therefore, nylon chlorination 
experiments were conducted with pH 5 NaOCl (42 mg/L free chlorine) at room temperature. 
A peak at around 1690 cm-1 for a carboxylic acid appeared to be associated with the peak for 
primary amide at 1630 cm-1 after 15 minutes of nylon chlorination (Figure 20C) (Al-Abri et 
al., 2019; Xu et al., 2013), which indicated that chlorination was successful. 
 
Xu et al. (2013) reported that controlled chlorination of nylon membranes produces a more 
negative membrane surface, which enhances the subsequent attachment of cations (Xu et al., 
2013). Controlled chlorination takes advantage of the vulnerability of amide bonds towards 
chlorine attack. The chlorination mechanism, as displayed in Figure 23, involves replacing the 
hydrogen in the amide group (-CO-NH-) with a chlorine atom, which leads to reversible 
breakage of hydrogen bonds that hold PA chains together. This is followed by reaction with 





Figure 23. Mechanism of nylon membrane chlorination From (Z. Wang, 2010) 
Nylon chlorination for 15 minutes at room temperature in Figure 23 introduced carboxyl 
groups without substantially reducing the characteristic peaks for nylon. This suggested that 
carboxyl groups were formed during nylon chlorination for 15 minutes at room temperature 
without damaging the integrity of the membrane. As a result, chlorination for 15 minutes at 
room temperature was expected to produce a suitable binding surface on the nylon membranes 
for ZIF-8@PSS attachment. In summary, chlorination was found to be an attractive post-
modification approach for producing suitable binding sites on nylon-6 membranes because it 
was rapid, easy to perform at room temperature, and appeared to avoid causing any visible 
membrane damage.  
 
5.6.1.2. Attaching ZIF-8@PSS to chlorinated nylon 
Firstly, nylon membranes were coated with ZIF-8@PSS by immersing membranes into a 
suspension of pre-crystallized ZIF-8@PSS, i.e. through the direct deposition, direct 
crystallization, or seeded growth process (Goh & Ismail, 2018; J. Li et al., 2018; W. Li, 2019). 
Secondly, nylon membranes were functionalised with ZIF-8@PSS following an in situ self-
assembly approach reported by Zhang and co-workers (R. Zhang et al., 2014). The FTIR 
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spectra for nylon functionalisation with ZIF-8@PSS by direct deposition and in situ self-
assembly are displayed in Figure 24.  
 
 
Figure 24. FTIR spectra for nylon membranes coated with a ZIF-8@PSS active layer by either in situ 
synthesis or direct deposition. 
Nylon membranes were chlorinated in NaOCl (42 mg/L free chlorine, pH 5.0) for 15 minutes prior to ZIF-8 
attachment. The ZIF-8@PSS active layer was prepared using a Zn:Hmim ratio of 1:8 and polymer concentration 
of 3.0 wt%, which were dissolved in 75 wv% methanol. For direct deposition, chlorinated nylon membranes were 
immersed in a solution containing a suspension of pre-synthesized ZIF-8@PSS. For in situ synthesis, chlorinated 
nylon membranes were first immersed in a Zn2+ solution for 1 hour at 60ºC and then dried, followed by immersion 
in a Hmim and PSS solution for 1 hour at room temperature. Spectra for non-modified nylon, virgin PSS and 
nylon-PSS membranes were compared to identify key bands. 
 
The FTIR spectra for both ZIF-8@PSS coated nylon membranes in Figure 24 displayed 
characteristic peaks for the sulfonate group in pure PSS at around 1123 cm-1 and 1173 cm-1 (R. 
Zhang et al., 2014). A slight peak at 421 cm-1 attributed to Zn-N also appeared in both ZIF-
8@PSS coated nylon membranes (Abdelhamid & Zou, 2018; Y. Li, Wee, Martens, & 
Vankelecom, 2017), which suggested that both the direct deposition and in situ self-assembly 
approaches successfully attached ZIF-8@PSS to nylon membranes. 
 
5.6.2. Membrane morphology and hydrophilicity  
ZIF-8@PSS attachment to chlorinated nylon membranes was further investigated by 
visualising the membrane surface morphology using scanning electron microscopy (SEM). 
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Additionally, the surface hydrophilicity of modified and non-modified membranes was 
analysed by measuring the contact angle (CA) produced by a water droplet on the membrane 
surface. 
 
5.6.2.1. Scanning electron microscopy (SEM) of non-modified nylon and ZIF-
8@PSS coated nylon MMMs 
Successful attachment of ZIF-8@PSS to nylon via direct deposition and in situ self-assembly 
modifies the membrane surface microstructure (R. Zhang et al., 2014; Y. Wang et al., 2019). 
Therefore, ZIF-8@PSS attachment to chlorinated nylon membranes was visualised at the 















Figure 25. SEM images of nylon membranes functionalised with ZIF-8@PSS. 
Images were taken using a scanning electron microscope to visualise the surface of A) non-modified nylon 
membranes, B) Chlorinated nylon membranes (42 mg/L free chlorine, pH 5.0, t = 15 minutes), C) Chlorinated 
nylon membranes functionalised with ZIF-8@PSS by direct deposition, and D) Chlorinated nylon membranes 
functionalised with ZIF-8@PSS by in situ synthesis. Scale bars = 50 µm.  
 
Similar membrane topologies were observed for non-modified nylon membranes and 
membranes modified by controlled chlorination in Figure 25A and Figure 25B, respectively. 
This suggested that membrane integrity was maintained following the introduction of carboxyl 
groups by controlled chlorination for 15 minutes in NaOCl at room temperature. Moreover, 
densely packed regions on the membrane surface were detected in ZIF-8@PSS coated nylon 
membranes prepared by both direct deposition and in situ self-assembly, as displayed in Figure 
25C and Figure 25D, respectively. This suggested that ZIF-8@PSS attachment via direct 
deposition and in situ self-assembly was successful, which supported the Zn-N stretching 
displayed in the FTIR spectra for both membranes in Figure 20.  
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Patterning of the surface microstructure was expected to determine whether ZIF-8@PSS is 
uniformly dispersed or aggregated on the membrane surface. Membranes with non-uniform 
dispersion of MOFs typically have poor filtration performance (Goh & Ismail, 2018; W. Li, 
2019). Therefore, uniform dispersion of ZIF-8@PSS on the surface of nylon membranes is 
necessary for ZIF-8@PSS coated membranes to be suitable for treating Mint Innovation’s 
wastewater. The dispersion of possible ZIF-8@PSS on the membrane surface was poor in ZIF-
8@PSS coated nylon membranes prepared by in situ self-assembly and direct deposition, as 
displayed by the non-uniform density across the membrane surface. This confirmed MOF 
aggregation issues during membrane coating that have been reported in the literature for MOF 
based MMMs (Goh & Ismail, 2018; J. Li et al., 2020; W. Li, 2019) 
 
Interestingly, improved ZIF-8@PSS growth was recorded on the surface of membranes 
prepared via in situ self-assembly compared to membranes prepared by direct deposition. It is 
believed that free Zn2+ ions are in a more favourable orientation to interact with the carboxyl 
groups on the chlorinated membrane during in situ self-assembly than Zn2+ ions co-ordinated 
to Hmim linkers within the pre-synthesized ZIF-8@PSS framework (R. Zhang et al., 2014). 
Repulsion between the negatively charged carboxyl on the membrane with the negatively 
charged PSS and imidazolate groups on pre-synthesized ZIF-8@PSS possibly hinders 
attachment during direct deposition.  
 
5.6.2.2. Contact angle  
The water contact angle (CA) of a membrane has a close relationship with membrane 
performance properties such as permeate flow rate and membrane fouling (J. Li et al., 2020). 
A number of membrane surface features contribute to the CA, including functional groups, 
surface roughness and zeta potential (Lalia et al., 2013). Introduction of charged functional 
groups such as OH-, -C=O and -NH2, has been demonstrated to reduce the water contact angle, 
resulting in improved membrane hydrophilicity (Esfahani et al., 2019; Zarshenas et al., 2015; 
Zhao et al., 2013). Charged functional groups on the surface of hydrophilic membranes reduce 
the water CA by interacting with water molecules via electrostatic interactions and hydrogen 
bonding (Lalia et al., 2013). Therefore, changes in membrane hydrophilicity were investigated 
to provide additional evidence for ZIF-8@PSS attachment to the membranes.    
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The average water droplet contact angle on non-modified nylon membranes, ZIF-8@PSS 
coated nylon membranes prepared via direct deposition and ZIF-8@PSS coated nylon 




Figure 26. Water droplet contact angle (CA) on ZIF-8@PSS coated nylon membranes. 
The CA on the surface of ZIF-8@PSS coated chlorinated nylon membranes prepared via direct deposition or in 
situ synthesis was measured with FTA32 version 2.0 software using a goniometer equipped with a video camera. 
The CA on the surface of non-modified nylon and chlorinated nylon membranes was also analysed. Columns for 
reported contact angle are presented as means +/- standard error of the mean (n = 3). A representative image of 
the water droplet on the surface of each membrane was included above each column. Black asterisk denotes 
significant difference to non-modified membrane control (70.24º). ** denotes p ≤ 0.01, *** denotes p ≤ 0.001. 
 
Controlled chlorination significantly improved nylon surface hydrophilicity, as demonstrated 
by the reduction in water contact angle from 70.24º in non-modified nylon membranes to 
53.53º after chlorination at room temperature for 15 minutes. Negatively charged carboxylate 
groups were introduced to nylon membranes after chlorination, as displayed by the FTIR 
spectra for each membrane (Figure 20). It is believed that these carboxyl groups facilitate 
favourable interactions between the water droplet and membrane surface, resulting in a 
reduction in water CA (Lalia et al., 2013; Zarshenas et al., 2015). 
 114 
Membrane surface hydrophilicity was further increased upon attaching ZIF-8@PSS to 
chlorinated membranes. The water CA in chlorinated nylon membranes was reduced from 
53.53º to 34.2º and 34.9º following ZIF-8@PSS attachment via direct deposition and in situ 
self-assembly, respectively. This was likely attributed to the polar sulfonate groups on the 
surface of ZIF-8@PSS, which help improve surface wettability (Zhu et al., 2017). Additionally, 
the similar water CA for ZIF-8@PSS coated nylon membranes prepared via direct deposition 
and in situ self-assembly indicated that both approaches produced membranes with similar 
surface chemistry. Taken together, the FTIR, SEM and CA data provided strong evidence to 
suggest that direct deposition and in situ self-assembly both successfully introduced ZIF-
8@PSS onto chlorinated nylon membranes. 
 
5.6.2.3. Continuous filtration with ZIF-8@PSS coated nylon UF membranes 
ZIF-8@PSS coated nylon membranes prepared by in situ self-assembly were analysed during 
filtration in a dead-end filtration module driven by a peristaltic pump. Although in situ self-
assembly and direct deposition approaches can both successfully introduce ZIF-8@PSS onto 
nylon membranes, ZIF-8@PSS coated nylon membranes prepared via in situ self-assembly 
displayed improved dispersion of ZIF-8@PSS. Due to possessing improved ZIF-8@PSS 
dispersion on the membrane surface, ZIF-8@PSS coated nylon membranes prepared via in situ 
self-assembly were expected to display better pollutant removal performance than ZIF-8@PSS 
coated nylon membranes prepared via direct deposition. Therefore, ZIF-8@PSS coated nylon 
membranes prepared via in situ self-assembly were investigated in continuous filtration 
experiments with solutions containing CR dye. 
 
Suitable membranes for removing dissolved metal ions from wastewater at Mint Innovation’s 
biorefinery should ideally achieve high rejection rates using low operational pressures in order 
to minimise wastewater treatment costs. Additionally, membranes used for on-site wastewater 
treatment must remove the majority of pollutants from solution within a single pass through of 
the membrane. The objective for analysing CR filtration by ZIF-8@PSS coated UF membranes 
was to determine if a ZIF-8@PSS selective layer coated onto an UF membrane could 
successfully remove nanosized pollutants, yet retain the attractive pressure and flow rate 
properties of ultrafiltration. 
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CR solutions were used in preliminary filtration experiments to investigate the feasibility of 
ZIF-8@PSS coated UF membranes for removing nanosized pollutants from wastewater. As 
discussed in Section 4.5.1, changes in dye concentration can be easily visualised and quantified 
using inexpensive spectrophotometry methods. Earlier batch adsorption experiments 
demonstrated that ZIF-8@PSS has a strong affinity for CR, as seen in Figure 12. Successful 
copper removal by ZIF-8@PSS was also observed in earlier batch adsorption experiments. 
Therefore, CR filtration with ZIF-8@PSS coated membranes served as an inexpensive proxy 
for predicting the success of copper filtration with ZIF-8@PSS coated membranes. CR 





Figure 27. Continuous filtration of CR through ZIF-8@PSS coated nylon membranes. 
Continuous filtration was conducted with 47 mm membranes (effective treatment area = 1735 mm2) encased in 
dead-end filtration modules. CR solutions (CR concentration = 100 mg/L, pH 6.5) were driven through the 
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membranes using a peristaltic pump. A) CR removal (%) was calculated from the absorbance measured at  t = 
0, 5, 10, 15, 20, 25 and 30 min via UV spectroscopy. B) Flow rate was analysed by measuring the mass of 
permeated CR solution at t = 0, 5, 10, 15, 20, 25 and 30 min. The mass of permeated solution at each time point 
was then converted to normalised volume (L.m2). The flow rate (L.m2.min-1) was the gradient of the line for volume 
over time. 
 
Because the continuous filtration unit did not possess a pressure release valve, the peristaltic 
needed to be set at the lowest possible pumping speed to prevent pressure from accumulating 
and damaging membranes. However, this only provided a normalised flow rate of 2.5 
L.m2.min-1, which is much slower than standard flow rates for ultrafiltration (5 – 11.7 
L.m2.min-1) (Abdullah et al., 2019; Lalia et al., 2013).  
 
CR removal was unsuccessful during filtration with both non-modified and ZIF-8@PSS coated 
nylon membranes. This was immediately apparent upon observing strong red colouration in 
permeate samples collected during filtration with each membrane. While the strong red 
colouration qualitatively indicated that CR removal was unsuccessful with both membranes, 
the absorbance of each permeate sample was recorded to quantify changes in CR that could 
not be detected by the naked eye, as displayed in Figure 27A.  
 
Non-modified nylon membranes achieved around 15% CR removal after 15 minutes of 
filtration, which is likely attributed to electrostatic interaction between dye molecules and 
exposed functional groups on the membrane. Unsuccessful CR removal with non-modified 
nylon membranes was expected because the 0.1 µm pores in the nylon ultrafiltration 
membranes are too large to remove CR dye (0.0018 – 0.0025 µm) via size exclusion (Y. Wang 
et al., 2019). On the other hand, ZIF-8@PSS coated nylon membranes were expected to remove 
CR by utilising the narrow pores and binding sites on ZIF-8@PSS.  
 
Poor CR removal performance during filtration with ZIF-8@PSS coated nylon may have 
occurred due to a number of reasons. Firstly, membrane damage may have facilitated transport 
of CR through ZIF-8@PSS coated nylon membranes. Pressure accumulation during filtration 
would occasionally cause breakages in the membrane surface, which likely provided 
unrestricted passageways for CR transport through the membrane. Large holes in the 
membrane could be detected by the naked eye but membrane damage at the micron-scale could 
not be detected without further SEM imaging. Undetected micron scale membrane damage 
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may have resulted in the opening of membrane pore structures, facilitating CR transport 
through the membrane. Secondly, non-continuous coatings of ZIF-8@PSS over the surface of 
nylon membranes may have prevented CR from being successfully removed by the narrow 
pore windows of the ZIF-8@PSS framework. In a continuous ZIF-8@PSS layer, only 
molecules with particle sizes smaller than the 3.4 pore windows of the framework will be able 
to pass through the membrane, while larger molecules like CR dye will be rejected. In contrast, 
non-continuous ZIF-8@PSS coatings have regions on the membrane surface where CR dye is 
free to approach the UF layer, which cannot reject nanosized dye molecules due to its micron 
sized pores. Furthermore, the surrounding regions of non-uniformly dispersed ZIF-8@PSS on 
the membrane surface would not be able to instantaneously bind CR via electrostatic attractions 
during filtration because this would not provide adequate time for adsorption. Batch adsorption 
experiments with ZIFs in CR solutions in Figure 12 showed that complete CR removal by ZIF-
8@PSS takes nearly 120 minutes, which is much longer than the contact time between ZIFs 
and CR solution during filtration. Finally, functional ZIF-8@PSS may not have been formed 
on the surface of ZIF-8@PSS membranes. While FTIR and SEM indicated that ZIF-8@PSS 
had successfully formed on the membrane surface, crystal structure data is needed to further 
confirm the presence of ZIF-8@PSS on the membrane surface. 
 
5.7. Critical analysis of methodology and limitations 
Upon reflection, there were a number of steps in the current methodology that could have been 
changed in order to improve experimental efficiency and overall data quality. While the 
combination of characterisation techniques employed in the current study (FTIR, DLS, dye and 
copper adsorption) provided strong evidence for successful synthesis of ZIFs, phase structure 
evidence is required to unequivocally confirm that ZIFs had been synthesised (Sun et al., 2020). 
Phase structure information on the powder produced during synthesis would be typically 
collected via X-ray diffractometry (XRD) and compared to literature reports to verify that the 
framework structures successfully formed (Bui et al., 2020; Y. Zhang et al., 2016). 
Additionally, investigating changes to the phase structure before and after copper adsorption 
by ZIFs would help elucidate mechanisms for copper binding and zinc release.  
 
Investigation into the mechanism of copper binding in the current study was further limited 
because the SEM instrument used did not have strong enough magnifying power to analyse the 
morphology of ZIF-8 and ZIF-8 composites. More powerful imaging techniques, such as 
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transmission electron microscopy (TEM) could be used to analyse the surface morphology of 
ZIFs and visualise pollutant binding (Beh et al., 2020; Y. Gao et al., 2018). 
 
Furthermore, TEM is a more accurate method than DLS for measuring the particle size of ZIF-
8 and polymer conjugated ZIF-8 composites because TEM can measure the size of dry particles 
(Zhu et al., 2017). In contrast, particle size measurements with DLS must be conducted in 
solution. Due to swelling and the formation of large hydration layers around the sample when 
in solution, particle size measurements recorded by DLS may be larger than expected (Y. Gao 
et al., 2018). This may have contributed to the larger particle size recorded in the current study 
for ZIF-8 (Table 11), when compared to literature reports (Beh et al., 2020; Y. Gao et al., 2018). 
However, it was not possible to conduct additional characterisation of ZIF-8 and ZIF-8 
composites by XRD and TEM due the high cost of performing these techniques. 
 
Moreover, dye adsorption experiments with ZIFs were well justified in the sense that they were 
a rapid, inexpensive and facile method for confirming ZIF functionality. However, dyes and 
metals have very different chemical and physical properties, which means that dye removal 
during adsorption with ZIF-8 and ZIF-8 composites cannot be used to directly predict the 
copper removal performance. While the range of reactant concentrations used to prepare ZIFs 
(Zn:Hmim = 1:8; polymer concentration 0, 1.5 – 3.0 wt%) effected CR removal, the same range 
of reactant concentrations had little effect on copper removal; but, due to time limitations, this 
range of reactant concentrations used to prepare ZIFs could not be optimised to improve copper 
removal by ZIFs.  
 
Issues with optimising copper removal by ZIFs were compounded by experimental errors that 
were made when analysing the effect of the initial Cu2+ concentration on copper removal by 
ZIFs. Because equilibrium was not reached during adsorption with the narrow range of copper 
concentrations explored in the current study, it was not possible to calculate the maximum 
copper adsorption capacity and binding kinetics for ZIFs. Therefore, it was not possible to 
quantitatively distinguish between the copper binding performance achieved by the different 
ZIF preparations.  
 
Measuring copper removal from solution during batch adsorption experiments with ZIFs was 
also limited by access to analytical instruments for detecting metal ions in solution, such as 
ICP-MS and MP-AES. Due to the high cost of ICP-MS, replicate samples could not be 
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analysed. Replicate samples are needed to verify the strong metal removal performance 
achieved by ZIF-8 in Mint Innovation’s waste-stream B (Figure 19). Unfortunately, further 
experimental analysis with the MP-AES instrument at Mint Innovation’s facility could not be 
completed because the instrument was urgently needed for monitoring e-waste processing runs 
conducted by Mint Innovation.  
 
Moreover, analysing the UF performance of ZIF-8@PSS coated membranes was limited by 
issues with the custom-built filtration configuration. Operational pressures for ultrafiltration 
membranes typically range between 1 and 10 bar (Abdullah et al., 2019; Guillen et al., 2011 
and R. Zhang et al., 2014). Therefore, 5 bar was selected as a suitable operational pressure to 
investigate the ultrafiltration performance of ZIF-8@PSS. However, the filtration 
configuration in the current project had no pressure release valve, which meant that the pressure 
could not be maintained at 5 bar. As a result, pressure would accumulate over the membrane 
surface at higher pumping speeds, eventually resulting in the membrane being broken under 
high strain. Lower pumping speeds were used in attempt to maintain pressure below 1 bar, but 
this meant that the continuous filtration did not accurately reflect the performance of ZIF-
8@PSS coated membranes under ultrafiltration conditions (i.e. 5 bar pressure). 
 
Finally, the current project would have benefited from having a more comprehensive 
understanding of the issues that have limited the application of ZIF-8 in wastewater treatment 
before committing to the current experimental design. The current experimental design was 
motivated by the exceptionally high copper binding performance displayed by ZIF-8 in 
literature reports (Zhang et al 2016; Wang et al 2019; L Zhou et al 2019). While a 
comprehensive review of the literature was conducted to investigated the application of ZIF-8 
in wastewater treatment before commencing the project, issues with Zn2+ release from ZIF-8 
were not identified until after the current study had been approved by the university. Had the 
extent of Zn2+ release from ZIF-8 been realised before ordering reactants for ZIF-8 synthesis, 
the current project would have likely investigated a different, more suitable adsorbent for 
removing metal from wastewater produced by Mint Innovation’s biorefinery.  
 
Furthermore, critically analysing the characteristics of ZIF-8@PSS coated membranes when 
conducting the literature review may have revealed that MMMs were unlikely to be suitable 
for treating the highly polluted wastewater produced by Mint Innovation. This is because ZIF-
8@PSS nanoparticles coated over an UF membrane would block membrane pores, thereby 
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imparting nanofiltration properties to the UF membrane. Literature reports indicate that ZIF-
8@PSS nanoparticles have a diameter of approximately 0.197 µm (Beh et al., 2020), which 
would not be able to pass through the 0.1 µm pores on the nylon UF membranes. Therefore, 
ZIF-8@PSS would accumulate to form a densely packed layer on top of the membrane. As a 
result, wastewater would need to be filtered through the ~3.4 Å pores of the ZIF-8@PSS 
framework active layer before reaching the UF membrane support layer. Considering that 
hydrated salt ions are 6 – 8.6 Å and hydrated heavy metal ions are 8.0 – 9.5 Å (Beh et al., 
2020), these pollutants are too large to be transported through the ~3.4 Å ZIF-8@PSS 
framework pores, resulting in non-selective removal via NF. 
 
Realistically, a NF membrane would not be suitable for treating Mint Innovation’s wastewater 
because the high pollutant load would likely rapidly accumulate on the membrane surface, 
leading to membrane fouling and frequent membrane replacement. Despite this, coating ZIF-
8@PSS onto nylon membranes provided strong insights into the feasibility of MOF based 
mixed matrix membranes for wastewater treatment.  
 
5.8. Conclusions 
The aim of this study was to determine whether zeolitic imidazolate framework-8 (ZIF-8) and 
ZIF-8 composite nanomaterials (ZIFs) could remove copper from industrial wastewater 
produced by Mint Innovation’s electronic waste biorefinery, ideally to below the regulatory 
limit of 10 mg/L. The results of the study suggested that ZIF-8 is capable of removing copper 
from samples of a waste-stream solution to below the 10 mg/L regulatory limit, provided that 
the pH and chlorine concentration of the waste-stream solution are within the range of ZIF-8 
stability. However, further research is required to verify that the promising metal removal 
displayed was due to adsorption by ZIF-8 and not simply pH induced metal precipitation.  
In waste-streams with low pH (0.7) or high chlorine concentrations (~ 12,000 mg/L), among 
other mixed pollutant species at various concentrations, ZIFs were instantly degraded and 
failed to remove dissolved metal ions during adsorption. Due to time restraints, ZIF-8 
composites were not analysed in waste-stream solutions under the same conditions that 
produced successful metal removal with ZIF-8. Therefore, successful copper removal from 
samples of a waste-stream solution by ZIF-8 to below the 10 mg/L regulatory limit was only 
reported in a single batch adsorption experiment. Because metal removal by ZIF-8 was 
measured at only three time points (t = 0, 60 and 120 minutes) in one batch adsorption 
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experiment, the reliability of the promising adsorption performance displayed by ZIF-8 in these 
waste-stream samples was estimated to be very low. By repeating this batch adsorption 
experiment with ZIF-8 and analysing a larger number of waste-stream samples, the reliability 
of the metal removal performance achieved by ZIF-8 could be improved.  
 
Improving the reliability of the data collected during batch adsorption with ZIF-8 in this waste-
stream is necessary to confirm the exceptional metal removal results observed in the current 
study. Additionally, verification of the metal removal mechanism is necessary due to 
inconsistencies between the experimental metal removal results and adsorption behaviour 
expected of ZIF-8. Based on metal removal by ZIF-8 in idealised solutions in the current study, 
ZIF-8 was not expected to remove calcium from Mint Innovation’s wastewater during 
adsorption. During adsorption with ZIF-8 in idealised solutions containing copper and calcium 
ions, ZIF-8 selectively removed copper without removing calcium from solution. Moreover, 
aluminium ions have a low propensity for amino groups, which are the predominant binding 
sites on ZIF-8 for metal removal. Therefore, removal of both calcium and aluminium was 
unlikely to have occurred through adsorption by ZIF-8. This suggested that pH induced 
chemical precipitation and complexation may have been responsible for removing aluminium 
and calcium from Mint Innovation’s wastewater. 
 
Due to the poor data reliability and unexpected results for batch adsorption with ZIF-8 in 
samples from Mint Innovation’s wastewater, the suitability of ZIF-8 for wastewater treatment 
was assessed based on copper removal by ZIF-8 in idealised solutions. Data for copper removal 
by ZIFs in idealised solutions was more reliable than in Mint Innovation’s waste-stream 
because metal removal was measured in a larger number of time points (t = 0, 15, 30, 60, 120 
min) for each ZIF (ZIF-8, ZIF-8@chitosan and ZIF-8@PSS), which improved experimental 
accuracy when assessing the behaviour of ZIF-8 during copper adsorption.  
 
During batch adsorption with ZIFs in idealised solutions, copper removal by ZIFs was initially 
accompanied by an increase in zinc in solution. This suggested that copper in solution replaced 
the Zn2+ of ZIF-8 during adsorption, which supported the ion-exchange mechanism reported 
in the literature for copper removal by ZIF-8. While copper was removed by ZIFs to below 10 
mg/L in each idealised solution in the current study, the ion-exchange mechanism during 
copper adsorption by ZIF-8 meant that solutions contaminated with copper were switched to 
solutions contaminated with zinc. Therefore, the current study demonstrated that ZIFs would 
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not be suitable for wastewater treatment due to the large amount of Zn2+ released by ZIFs 
during adsorption in idealised solutions.  
 
Furthermore, chitosan displayed better copper removal than ZIF-8 during adsorption in 
idealised solutions. Chitosan is an inexpensive and abundantly available biosorbent. This 
suggested that inexpensive, readily available waste materials may be more suitable for 
removing heavy metals from industrial wastewater than attempting to employ more expensive, 
and less readily available MOF materials.  
 
Finally, this study revealed issues that would limit the integration ZIF-8 within water filtration 
technologies, such as ZIF-8 aggregation and non-uniform dispersion on membrane surfaces. 
Due to concerns regarding the release of nanoparticles into the environment, freely suspended 
ZIF-8@PSS cannot be applied within water filtration. To minimize the possibility of ZIF-
8@PSS release into the environment, ZIF-8@PSS were immobilized onto membrane sheets 
via direct deposition or in situ self-assembly, resulting in the production of ZIF-8@PSS coated 
MMMs. While ZIF-8@PSS could be successfully immobilized onto membrane sheets used in 
water filtration by either direct deposition or in situ self-assembly, aggregation and non-
uniform dispersion of ZIF-8@PSS on the membrane surface prevented ZIF-8@PSS coated 
membranes from removing pollutants in solution during filtration. Furthermore, the direct 
deposition and in situ self-assembly approaches for preparing ZIF-8@PSS coated MMMs both 
wasted large amounts of reactant material during bulk ZIF-8@PSS crystallization. 
 
The environmental, social and economic benefits of developing adsorbent materials and/or 
membranes that safely, efficiently and effectively remove pollutants from wastewater streams 
are enormous. Since the first research papers on the ability of ZIF-8 to treat wastewater were 
published almost 10 years ago, efforts made to apply ZIF-8 for treating industrial wastewater 
have been largely unsuccessful. Because high concentrations of zinc are released by ZIF-8 
during copper binding, further attempts to apply ZIF-8 for treating metal contaminated 
wastewater are discouraged, unless some innovative strategies can be developed to overcome 
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Appendix A. E-waste recycling wastewater production. 
 
 
Through a proprietary process, Mint Innovation leaches metals from e-waste. One solution 
generated contains solubilised gold ions as the species AuCl3; this is present amongst a 
background of other contaminating metal salts. Recovery of this gold is possible via 
adsorption using proprietary microorganisms. The gold-loaded microorganisms are then 
processed through a centrifuge to concentrate the microorganisms, which are then smelted to 
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produce solid gold. The remaining supernatant is wastewater, which contains dissolved 
chemical species, heavy metal ions and biomass fragments. 
































Appendix C. Metal adsorption by ZIF-8 and ZIF-8 composites in waste-stream B from 
Mint Innovation’s biorefinery after adjusting solution pH to 3.0. 
Adsorption was conducted in wastewater stream B (initial conc: [Cu2+] = 169.01, [Al3+] = 
348.06, [Zn2+] = 9.43, [Fe3+] = 3.63, [Ca2+] = 1,062.48, [Cl-] = 4,485 mg/L; pH 3) with 
continuous stirring to measure Cu2+ removal by A) ZIF-8, B) ZIF-8@chitosan, and C) ZIF-
8@PSS. Metals remaining in each solution were measured via ICP-MS during adsorption at t 
= 0, 5, 15, 30, 60, 120. Curves for Cu2+ (red), Zn2+ (yellow) and Al3+ (grey) were displayed 
because these heavy metals were present at the highest concentrations. The pH of waste-stream 





Appendix D. Calcium concentrations during adsorption with ZIFs in idealised solutions 
containing Cu2+ and Ca2+ 
Adsorption was conducted in mixed copper solutions (initial Cu2+ conc. = 60 mg/L, pH 6.5, 
Ca2+ = 1000 mg/L) with continuous stirring to measure Ca2+ removal by ZIF-8 (blue line), ZIF-
8@chitosan (red line), and ZIF-8@PSS (black line). The Ca2+ remaining in each solution was 
measured via ICP-MS during adsorption at t = 0, 15, 30, 60, 120 and 1200.  
 
 
 
 
 
 
 
 
 
 
 
 
 
